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Description 

This invention relates to a biocompatible ventricular assist and arrhythmia control device, and more 
particularly to such a device which (1) can be completely and readily implanted external to the patient's 

5 heart, thereby avoiding thrombogenesis and other complications which may arise from contact between the 
blood flow and artificial, nonbiological surfaces; (2) is of relatively simple, light-weight, and compact 
construction; (3) requires a relatively small amount of energy to provide reliable, long-term support of native 
mechanical cardiac function; (4) contains control means to determine if left ventricular stroke volume and/or 
pressure is adequate and to change the compressive force as needed, thereby assuring an adequate flow 

w of oxygenated blood; (5) includes bradycardic and tachyarrhythmic (pacing and cardioverting/defibrillating) 
control features; which will facilitate device operation in synchronism with left ventricular contraction; and (6) 
further enhances the patient's quality of life by providing transcutaneous recharging of the implanted power 
source and by maximizing the time spent free of the device's external battery pack. 

The need for an improved ventricular assist device has long been apparent. The pool of patients 

is suffering from congestive heart failure (CHF), a progressive disease often precipitated by acute myocardial 
infarction, continues to grow. In 1983 alone the estimated incidence of CHF, in the course of which the 
heart's mechanical pumping action is severely compromised, was 400,000 in the United States. Some 2.3 
million or more persons suffer from varying degrees of the disease, with the estimated annual death rate 
from mechanical cardiac dysfunction being 165,000. Individuals with worsening CHF who otherwise would 

20 be expected to have years of productive life ahead of them, are generally regarded as candidates for a 
ventricular assist system. At present, however, no generally recognized safe and effective assist device is 
available. 

Another patient group potentially in need of mechanical heart assistance consists of cardiac surgery 
patients who otherwise would die from profound refractory heart failure after removal of cardiopulmonary 

25 bypass. The intra-aortic balloon has been used to assist the circulation mechanically when other therapies 
have failed to allow weaning from cardiopulmonary bypass. However, half of these assisted patients die 
from cardiogenic shock (heart failure) despite the intra-aortic balloon. Therefore, a need exists for a more 
effective form of mechanical circulatory support that is capable of maintaining the systemic circulation and 
unloading the left ventricle while native myocardial function recovers. 

30 A third patient group requiring mechanical heart assistance are those tachyarrhythmia patients who are 
at risk of sudden death due to electrical cardiac dysfunction but who also are at risk from mechanical heart 
failure. 

In sum, it is estimated that a safe and effective implantable heart assist device could save the lives of 
100,000 or more patients a year; some estimates go as high as 230,000. 

35 In most cases, the underlying causes of the heart's weakened condition are coronary artery disease and 
its sequelae. The majority of these patients have a normal right ventricle but a left ventricle that has been 
damaged in specific regions by partial or complete arterial blockages. Ideally, then, a device designed to 
assist the failing heart should be able to supplement the heart's workload and also compensate for or 
support weakened portions of the left ventricular wall, including the apex or interventricular septum. Such a 

40 device might also incorporate pacemaker and implantable cardioverter/defibrillator technology for treating 
those patients who also suffer from such electrical dysfunctions as bradycardia or tachyarrhythmias. 

Present ventricular assist devices (VADs) and artificial hearts have not met these needs. Existing 
devices generally feature blood flow pathways made from nonbiological materials. These materials (e.g., 
acrylics, Teflon, silicone rubber) often damage blood cells and blood proteins and produce clots, thereby 

45 presenting a generic risk of downstream lodgment (thromboembolism) in the circulatory system; attempts to 
coat plastics with heparin, an anticoagulant, have not been successful on a long-term basis. In fact, blood 
clots cause most of the deaths reported after implantation of an artificial heart or assist device. Depending 
on where lodgment occurs; blood clots may cause strokes, kidney failure, death (necrosis) of the intestinal 
wall or peritonitis, or equally severe damage to other organs. 

so In addition, cardiac arrhythmias may develop during ventricular assistance and adversely affect blood 
flow. Present assist devices do not treat these electrical dysfunctions. Other problems with existing assist 
devices include their substantial weight and the fact that they displace a large volume in the patient's body, 
which complicates implantation and increases the risk of other complications. 

Another significant difficulty involves energy supply and consumption. Because current VADs lack a 

55 satisfactory implantable energy source, they must be continuously powered percutaneously. This produces 
a high risk of infection and generates psychological problems for the patient, who must be constantly 
tethered to an external power source. Some VADs now under development may offer rechargeable 
implanted batteries coupled with continuous electromagnetic energy transmission through the skin, the 
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external energy source being a series of nickel cadmium batteries placed in a vest or belt. Other state-of- 
the-research-art VADs may allow the patient to remove the vest or belt for a brief period-up to 20-30 
minutes, for example. However, greater freedom from external device dependence continues to be 
constrained because the implantable batteries used in these devices have a limited number of recharge 
5 cycles, poor state-of-charge indicators, poor energy density, and poor energy retention, particularly at body 
temperature. 

Previous attempts to provide ventricular assistance have ranged from artificial hearts (e.g., the Jarvik-7), 
to devices which directly pump the blood via an artificial pathway inserted through the ventricular wall, to 
devices which exert pressure on the outside of the heart. Most frequently, pressure-exerting devices involve 

io some form of flexible bladder within a support structure such that expansion of the bladder presses on the 
ventricle and facilitates expulsion of blood. See, for example, U.S. Patents 3,587,567 to Schiff; 3,371,662 to 
Heid et al.; 4,048,990 to Goetz; and 4,192,293 to Asrican. Another structurally related device (U.S. Patent 
4,506,658 to Casile) envisions a truncated conical structure of sac-lined rigid panels separated by 
contractible and expandable sections. 

75 In all of these proposed devices, the support structure encases all or most of the heart and either 
pushes against or otherwise contacts the right as well as the left ventricle. This complicates ventricular 
assistance since most cases of heart failure are due to a failure of the left ventricle, not the right. The right 
ventricle, which pumps against a pressure that is typically one-fifth of that seen by the left, is generally 
capable of proper function without assistance. Accordingly, these devices risk preferentially pumping blood 

20 from the right ventricle, as a consequence of which blood would accumulate in the lungs and cause 
pulmonary edema. In recognition of this difficulty, one recent proposal (U.S. Patent 4,536,893 to Parravicini) 
envisions using two segmented sacs, selectively fed by a pumping fluid, to compress the ventricles 
separately. 

Bladder systems have additional shortcomings. These include the possibility of catastrophic bladder 
25 fluid leakage, a propensity for damaging the heart surface due to poor fixation and/or rubbing of the bladder 
against the heart's surface, and the unnatural convex form presented to the heart's surface during systolic 
bladder expansion. 

Another type of cardiac assist system is designed to compress all or part of the heart by alternately 
tightening and releasing a circumferential compression band. For example, one proposed system of the 

30 kind defined by the precharacterizing features of claim 1 (U.S. Patent 4,304,225 to Freeman) involves a 
flexible strap which is fixed to a contoured plastic block and which would pass across the back of the heart. 
In response to electrical pulses, a motor assembly would alternately reel in and release the flexible strap, 
thereby forcing fluid from the subject organ. One liability of this approach is that a pressure of between 20 
and 70 mm Hg in the volume under the strap would pump blood from the right ventricle but not the left, 

35 Since 70 mm Hg or more is required for blood to exit the left ventricle into the aorta. As with the bladder- 
type devices discussed above, such a preference could lead to a buildup of blood in the lungs, producing 
severe pulmonary complications. 

U.S. Patent 4,583,523 to Kleinke and Freeman illustrates a heart assist mechanism with some 
similarities to the present invention. However, there are numerous differences. For example, Patent 

40 4,583,523 compresses the aorta, not the left ventricle, and it compresses during the diastolic phase of 
cardiac contraction instead of the systolic phase. Furthermore, it has no means to continuously control the 
depth of stroke. Specifically, there is no means to monitor the adequacy of left ventricular stroke volume. 

SUMMARY OF THE INVENTION 

45 

It is the object of the present invention to provide a ventricular assist decive of the kind defined by the 
characterizing features of claim 1 which only requires a small amount of energie for reliable operation over 
an extended period of time and which is capable of providing effective mechanical circulatory support to 
both ventricles of the heart, 
so This object is attained by the characterizing feature of the claim 1 . 

More specifically, compression mechanisms for engaging the sides of the left ventricle may be spaced 
triaxially. A typical configuration would have three compression assemblies placed in the anterior, lateral, 
and posterior positions with respect to the left ventricle; viewing the left ventricle from the base of the heart 
and positioning the midpoint of the right ventricle at 270 \ typical midpoints for the three compression 
55 assemblies would be 1 90 • , 90 * , and 350 • . 

Each compression mechanism includes a contoured pressure plate and a sort contact pad mounted on 
the interior plate surface for suturing and/or gluing the compression mechanism to the ventricle. An 
examination of explanted cardiomyopathic hearts suggests that the typical compression assembly surface 
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should be 4-5 cm long and should be tapered (wider at the top, narrower at the bottom), thereby reflecting 
the shape of the ventricle. Each compression mechanism should cover approximately 70 ■ or circumferen- 
tial arc. 

To minimize mechanical stress on the myocardial surface, including the coronary arteries, the contact 

5 pad consists of an elastomer, such as silicone rubber, or a thermoplastic material (durometer range 30-50). 
To avoid edge stress, the thickness of each contact pad is progressively reduced toward its periphery. To 
further reduce stresses on the myocardium, bearings and axles are used to mount the pressure plates on 
the compression mechanism's driving arms: if the contracting heart produces a torquing force, the joint will 
permit the pressure plate, within specified limits, to follow the natural movement of the heart. 

10 In those few cases where the right ventricle also needs assistance, the triaxial compression mecha- 
nisms may be supplemented by a fourth, smaller mechanism positioned on the right ventricle. As another 
option, a smaller apical pressure plate may be added. Alternatively, one or more compression mechanisms 
may cooperate with a tension band surgically placed through the interventricular muscle wall of the heart; 
the opposite ends of the tension band would be connected to a rigid support external to the heart, with one 

15 or more pressure plates positioned between the block and the heart. In a further variation, the tension bands 
would be rigidly fixed to the compression mechanisms, which, when closed by the operating means, would 
reduce the circumference of the band opening and thereby squeeze the heart. 

The operating mechanism, for cyclically actuating the compression mechanisms, includes a motor for 
inducing controlled reciprocating motion plus a means for mechanically translating this motion into 

20 pressure-plate compression. The invention includes a brushless, battery-powered D.C. motor which utilizes 
an annular energizing coil and magnets to drive a roller screw. The roller screw engages a bellows pusher 
(or a similarly functioning component, such as a rolling diaphragm), which in turn is connected, via fluid- 
filled elastomeric tubing, with a compression housing that contains a second bellows. When pressure is 
exerted on the first bellows by the roller screw, the fluid coupling transmits pressure to the second bellows, 

25 to which is attached a driving wedge that engages the mounted compression mechanisms and thereby aids 
ventricular compression. 

The fluid coupling permits the cylindrical motor housing to be implanted in a posterior mediastinum 
position parallel to the descending aorta, while the pumping mechanism housing is positioned in the left 
chest, adjacent the left ventricle. In a second embodiment of this invention, the motor housing and the 
30 pumping mechanism housing would form an integral unit, with the nut of the roller screw bonded to the 
driving wedge. In both embodiments, linear movement of the roller screw mechanically governs the degree 
of pressure-plate movement (compression and return) in the compression axis. 

To allow the pumping mechanism housing (first embodiment) or the integral motor/pump housing 
(second embodiment) to float with the natural movement of the heart, the assembly may be placed in a 
35 lubricant-filled sac. At the same time, tethering the assembly to, for example, the ventral surface of the sac 
would limit the degree of motion. 

The implanted, programmable control mechanism, for regulating actuation of the operating mechanism, 
utilizes input provided in part from device motion sensors, an arterial blood pressure sensor, blood flow 
sensors, heart rate-sensing (R-wave sensing) electrodes, and/or ECG morphology-sensing electrodes 
40 positioned in the heart and/or on the compression mechanisms. The associated pacemaker unit, implantable 
cardioverter/defibrillator and energy storage device, transcutaneous programmer/interrogation unit, and 
internal biological recorder are of types known to those skilled in the art. 

Further, the transcutaneous power supply is also of a type known to those skilled in the art. The 
implanted electrical source is a pack of high-energy rechargeable batteries and a pickup coil disposed in a 
45 biocompatible casing capable of subcutaneous placement. In addition to providing energy to the control, 
operating, and compression mechanisms, device circuitry may also produce and conduct pacemaker pulses 
and/or cardioverting/defibrillating pulses via the above-mentioned electrodes. 

Also, a manually operated mechanism may be provided for moving at least one pressure plate to 
compress the left ventricle in the event of a device malfunction; sensors may be included in the control 
50 mechanism for sensing such malfunctions. 

An object of the invention is to provide a new and improved biocompatible ventricular assist device 
which (1) can be completely and readily implanted in the patient's body, external to the heart and to blood 
flow pathways; and (2) is relatively simple, light-weight, and compact. 

An additional object of the invention is to provide compression means which minimize trauma of the 
55 myocardial surface due to repeated artificial compression. 

An additional object of this ventricular assist device is to maximize the contribution of native left 
ventricular function, thereby maintaining the myocardium in an exercised state while increasing device 
efficiency and further lengthening the interval between rechargings. 
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Another object of this invention is to provide such a ventricular assist device which also treats electrical 
dysfunctions (atrial and ventricular, bradycardic and tachyarrhythmic) to facilitate synchronous pumping, 
thereby assuring an adequate flow of oxygenated blood. 

A further object of this invention is to consume a relatively small amount of electrical energy for 
5 mechanical operation, thereby permitting the invention to function for a relatively long period of time 
between transcutaneous rechargings of the implanted power source. 

Another object of the invention is to provide reliable operation over a relatively long time period, such 
as a minimum of 5-10 years. 

Yet an additional object of the invention is to provide reliable operation over a large number of cycles. 
io An object of this invention is also to provide means for transcutaneous programming of operating 
parameters and transcutaneous interrogation as to prior operations. 

An additional object of the invention is to provide a failsafe mechanism whereby the compression 
means, in the event of device failure, does not restrict natural movement of the epicardium and whereby the 
device can be manually operated by the patient user or another individual. 

75 

BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 is a schematic block diagram of a first embodiment of a ventricular assist device in accordance 
with the invention; 

20 Figure 2a is a schematic general front elevational view of the upper portion of a human body in which is 

implanted the first embodiment of the ventricular assist device in accordance with the invention; 

Figure 2b is a schematic general plan view as seen along the line 2b-2b in Figure 2a; 

Figure 3a is a schematic front view of an electronic module for the device; 

Figure 3b is a schematic side view of the electronic module shown in Figure 3a; 
25 Figure 4a is an enlarged front elevational view of a direct cardiac pumping mechanism of the first 

embodiment of the invention; 

Figure 4b is a separate front view of a part of the pumping mechanism shown in Figure 4a, illustrating 
first and second operating positions; 

Figure 4c is a top view as seen along the line 4c-4c in Figure 4a; 
30 Figure 4d is an enlarged cross-sectional view of a drive mechanism in accordance with the first 
embodiment of the invention, taken generally along the line 4d-4d in Figure 2a; 
Figure 4e is a view partially in cross-section, taken along the line 4e-4e in Figure 4d; 
Figure 4f is a cross-sectional view taken along the line 4f-4f in Figure 4d; 

Figure 5a is a cross-sectional front elevational view of a portion of a second embodiment of the invention; 
35 Figure 5b is a top view as seen along the line 5b-5b in Figure 5a; 

Figure 6 is a side view of an upper portion of a ventricular compression mechanism of the ventricular 
assist device; 

Figure 7 is a cross-sectional view of a portion of the ventricular compression mechanism shown in Figure 
6, taken along the line 7-7; 

40 Figure 8 is an opposite-side view of a portion of the ventricular compression mechanism shown in Figure 
6; 

Figure 9 is a schematic view of a third embodiment of the invention in a first operating position; 
Figure 10 is a schematic view showing the embodiment of Figure 9 in a second operating position; and 
Figure 1 1 is a schematic view of a fourth embodiment of the invention. 

45 

DETAILED DESCRIPTION 

Figure 1 discloses a block diagram of one embodiment of a biocompatible ventricular assist and 
arrhythmia control device 10 in accordance with the invention, hereafter referred to as the ventricular assist 

so device, it being understood that numerous other variations of the invention are, of course, possible. As 
disclosed in Figure 1, the ventricular assist device 10, which operates, on demand, in synchronism with a 
heart left ventricle 12, comprises an implantable subsystem 14 and a subsystem 16 external to, and without 
penetrating, a patient user's skin 18. The implantable subsystem 14 includes a direct cardiac pumping 
mechanism 20 and a motor housing 22, both outlined by alternating dashes and asterisks. The motor 

55 housing 22 includes a motor 24 and a rotary-to-linear motion converter 26 which mechanically initiates 
(directly or indirectly) the inward ventricle-assist motion of the pumping mechanism 20 when the left 
ventricle 12 begins to contract, limits and controls the degree of mechanical compression, and terminates 
the compression stroke so that the pumping mechanism 20 may return to its original outward position as 



5 



EP 0 280 301 B1 

the ventricle refills. The pumping mechanism 20 and motor housing 22 also include sensors which provide 

input to a device control system 28, within an electronic module 30. 

The electronic module 30, as indicated in broken lines, includes, in addition to the control system 28, a 

rechargeable power supply 32 and an energy storage device 34, which may be one or more capacitors. 
5 The electronic module 30 further includes a cardiac pacer unit 36 and a cardioverter/defibrillator unit 38 for 

arrhythmia control, in part to promote operation of the pumping mechanism 20 in synchronism with the left 

ventricle 12; a biological signal recorder 40; and a patient alarm device 42. Another feature of the 

implantable subsystem 14 is an emergency manual pumping mechanism 44, located outside the electronic 

module 30 and connected to the direct cardiac pumping mechanism 20. 
w The external subsystem 16 includes a power supply 46, for charging the internal power supply 32 

transcutaneously, and noninvasive combined programmer/interrogation units 48, 50. 

Figures 2a and 2b show the ventricular assist device 10, as represented by the block diagram of Figure 

1, implanted in an upper portion of a human body 100 for assisting the left ventricle 12 of a heart 102 in the 

pumping of blood from the heart, through the aorta 104, and to the arterial system. It is to be understood 
75 that the disposition of the various parts of the ventricular assist device 10 as shown in Figures 2a, 2b and 

subsequent figures is merely for purposes of illustration and that other location arrangements may be used. 
The pumping mechanism 20 (Figure 2a) engages the walls of the left ventricle 12 and is disposed in 

part between the left ventricle and the left lung 106. A manually operable button 108 of the manual pumping 

mechanism 44 is positioned between two adjacent ribs 110, with the button protruding under the skin 18 to 
20 facilitate emergency use by the patient user or by another person. The cylindrical motor housing 22 (in 

outline) of the ventricular assist device 10 is disposed in a posterior mediastinum position parallel to the 

descending aorta 112. 

As shown in Figures 3a and 3b, the electronic module 30 and rechargeable power supply 32 are 
combined in a single casing 114 which may be implanted in a subcutaneous abdominal pocket or inside the 

25 rib cage, in which case an energy pickup coil 116 of the rechargeable power supply 32 may be positioned 
subcutaneously between two adjacent ribs 110 (Figure 2a). 

As is best shown in Figures 4a, 4b and 4c, the pumping mechanism 20 includes triaxial lateral pressure 
plate assemblies 118 around the heart 102, for engaging and compressing the left ventricle 12 in 
synchronism with native or pacemaker-initiated pumping action. Each pressure plate assembly 118 includes 

30 a pressure plate 120 formed of a spring-tempered, biocompatible, inert metal, such as the nickel alloy 
MP35NR (an alloy of nickel, cobalt, chromium, and molybdenum). Each pressure plate 120 is attached to a 
driver arm 122 or 124 by way of an axle/bearing mount 126 so that the pressure plate may follow, within 
specified limits, the natural movement of the heart. Each driver arm 122 or 124 is mounted on an actuator 
housing 128, pivoting on a light-weight, highperformance bearing 130, which, like the bearing in the 

35 axle/bearing mount 126, consists of a tubular lining of woven Teflon/Dacron fabric and an inner wound 
fiberglass epoxy resin matrix. The driver arms 122 and 124 and the actuator housing 128 consist of a 
biocompatible metal compound, such as Ti6A!4V (titanium, aluminium, and vanadium). Driver arms 122 and 
124 are engaged by wedge followers 132, each of which includes a roller 134 mounted on a follower 
bearing 136 (of similar construction to arm bearing 130). 

40 The above pumping or compression mechanism 20 is readily adapted to varying combinations of 
pressure plate assemblies 118. For example, triaxial lateral placement could be supplemented with a fourth, 
smaller plate (not shown) positioned on the right ventricle 138 (Figure 2a), or with an apical plate (not 
shown) for supporting and supplying compressive force to the left ventricular apex 140. 

It should also be perceived that other embodiments of the pumping mechanism 20 are possible. For 

45 example, in a second embodiment of the ventricular assist device 10', as illustrated by Figures 5a and 5b, a 
pumping mechanism 20' includes triaxial lateral pressure plate assemblies 1 1 8* (only two shown in Figure 
5a) around the heart, with the upper portion of each pressure plate 120' adjoining the left ventricle 12* and 
the lower portion extending downward into a driver arm 122' or 124' (two of the latter) to which it is fastened 
by a set screw 200. Driver arm 122' differs from driver arms 124' in that its associated pressure plate 

so assembly 118* is shorter, while its upper extension is correspondingly longer to accommodate wedge 
follower 132'. Driver arm 122 also differs in that its lower extension includes a six-sided rocker plate 202, 
which extends over housing bearings 204 (one shown) to which each driver arm 124* is also fixed. 

The pressure plates assemblies 118 (Figures 4a, b and c) are movable between solid line positions 
when the left ventricle 12 expands (diastole) and broken line positions (Figures 4b and 4c) when the left 

55 ventricle contracts (systole). Strain relief sensors (not shown) may be incorporated on the pressure plates 
120 to assure that the pumping mechanism 20 does not restrict filling of the left ventricle 12 and does not 
assist compression unless natural compression is inadequate. 
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Referring to Figures 6, 7, and 8, each pressure plate assembly 118 also includes a contact pad 142 for 
gluing and/or suturing the pressure plate assembly to the left ventricle 12. The contact pad 142 is bonded 
to an upper portion of each pressure plate 120 by an adhesive, with both the contact pad and the adhesive 
consisting of electrically insulating materials, such as a silicone rubber (reinforced with Dacron fibers, in the 

5 case of the pad) or a thermoplastic. In addition, the contact pad 142 has a thickness which is progressively 
reduced toward its periphery to avoid edge stress, and is soft enough (durometer range 30-50) to minimize 
the possibility that pressure from the pressure plate assemblies 118 would damage cardiac muscle or the 
coronary arteries, or would interfere with the muscle's blood supply. (It should be noted that most of the 
heart muscle's blood supply is delivered during diastole, when minimal force is exerted by the pressure 

70 plates 120.) 

Each contact pad 142 includes a rectangular electrode 144 bonded by an electrically insulating 
adhesive (e.g., a silicone rubber), both to the ventricle-engaging surface of the contact pad 142 and to the 
pressure plate 120. To enable the electrode 144 to make direct contact with heart tissue, the ventricle- 
engaging surface of the contact pad 142 contains openings 146, as is best shown in Figure 8. Each 

75 electrode 144 is connected to the electronic module 30 (Figures 3a and 3b) via conductors 148 (one shown 
in Figure 7) that are contained by a cable 150 bonded to one side of the pressure plate 120 and extending 
downward to the actuator housing 128. Thus monitoring and control signals are transmitted to and from the 
electrodes 144, which may be formed of any suitable material, such as titanium wire mesh. 

Referring again to Figure 7, for purposes of cardiac monitoring a set of bipolar spaced electrodes 152 

20 also is provided on at least one of the pressure plate assemblies 118. The electrodes 152 are supported on 
the pressure plate by an adhesive, such as a silicone rubber, and are connected to respective conductors of 
the cable 150. Another, J-shaped bipolar electrode 154 (Figure 2a) is implanted in or near the right atrium 
156 of the heart 102 and is connected to the electronic module 30 (Figures 3a and 3b) by insulated 
conductors 158 (only one shown); the connection means may include, for example, a plug 160 that mates 

25 with a socket 162 in the electronic module 30. The spaced bipolar electrodes 152 and 154 each have an 
interelectrode spacing of 1-2 centimeters and may be formed of platinum or platinum-iridium. 

Under normal conditions, contraction of the left ventricle 12 can be properly assisted by compressing 
the pressure plate assemblies 118 approximately 0.46-0.50 inches (1 centimeter). Although cineangiography 
studies indicate that the requisite compression distance is relatively independent of heart size, different 

30 heart sizes can be accommodated by increasing (or decreasing) the thickness of the contact pads 142 and 
by selecting larger or smaller plates 120. In addition, the compression mechanism 20 has been designed 
such that a one-centimeter stroke can be accomplished within a start-stop range of two centimeters; this 
permits the position of the pressure plate assemblies 118 to be adjusted to accommodate a range of heart 
sizes. 

35 The ventricular assist device 10 is particularly useful if the heart's left ventricle 12 has been damaged 
by scarring. As illustrated in Figure 2a, a thin area of scar tissue 164 has formed on the ventricle's ventral 
wall, replacing contractile muscle. This thinning of the cardiac tissue is a common cause of weakened left 
ventricular function. Not only is the scar tissue 164 unable to contract, it may actually bulge outward during 
systole, absorbing the energy of contraction from the functioning muscle tissue. Accordingly, by positioning 

40 the contact pad 142 of a pressure plate assembly 118 oyer the scar tissue 164, outward bulging of the thin 
wall during systole is prevented and proper contraction is achieved. 

As shown in Figure 4d, the motor housing 22 includes a brushless DC motor 24 that drives the pumping 
mechanism 20 (Figure 4a). It operates directly from rechargeable batteries 166 in the electronic module 30 
(Figures 3a and 3b) and includes an annular energizing coil 24c which surrounds an annular series of 

45 permanent magnets (not shown). The permanent magnets consist of neodymium, iron, and boron 
(Nd2Fel4B), or similar materials, for maximum efficiency and reliability as well as minimum weight. An 
energizing field is applied to the permanent magnets in sequence to drive a roller screw device 168 which 
converts rotary motion to linear motion. The roller screw device 168 may, of course, be replaced with a 
different type of linear actuator (e.g., a ball screw or a set of appropriate gears), if so desired. 

50 The brushless DC motor 24 may be of a type available on a custom design basis from Sier- 
racin/Magnedyne, of Carlsbad, California. With such a motor, the overall system efficiency (mechanical 
energy to blood/electrical energy from batteries) is about 60-70% or more, which is significantly higher than 
the 40-50% efficiency of presently known ventricular assist devices. A typical set of design parameters for 
the motor 24 is as follows: 

55 
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Motor: 


Rated toraue 


5 oz-in 


Rated speed 


3/4 radians/sec 


Input current 


1.1 amperes 


Input voltage 


1 0 volts 


Input power 


1 3 watts 


Output power 


11 watts 


Efficiency 


85 percent 


Duty cycle 


25-50 percent 


O.D. 


1.25 in 


I.D. 


0.31 in 


Height 


0.87 in 


Weight 


70 grams 



The roller screw device 168 is also of a known type, such as that available from Rollvis S.A. of Geneva, 
Switzerland. It features a rotatable outer cylinder (nut) 170 that is internally screw threaded, and a 
reciprocating shaft 172 that is mounted in the cylinder 170 and externally screw threaded. Deep groove ball 
bearings 174 permit the reciprocating shaft 172 to slide, but not to rotate; this may be accomplished, for 
example, by interengaging splines and grooves (not shown). Another set of ball bearings 176 (Figures 4d 
and 4e) ( situated in a groove in the housing 22, are designed to absorb any torque that would otherwise be 
exerted on the nut 170. 

Referring to Figures 4d and 4f, integral with the periphery of the nut 170 are four arms 178 which are 
extended between the bearings 174 and which are welded to one end of a bellows pusher 180. The bellows 
180, like the motor housing, 22, is formed from a suitable biocompatible material, such as Ti6AI4V. An 
elastomeric tube 182 extends from the end of the bellows 180, through the end of the motor housing 22, 
and connects to a reciprocating bellows 184 that is contained within the actuator housing 128 (Figure 4a). 
The paired bellows 180, 184 and connecting tube 182 contain a biocompatible fluid, such as mineral oil, 
and together constitute a fluid coupling. 

Linear motion of the reciprocating shaft 172 causes the nut 170 to exert pressure upon the bellows 180, 
with the fluid coupling then transmitting pressure to the second bellows 184, to which is welded a driving 
wedge 186. In turn, the wedge 186 exerts lateral pressure on the wedge followers 132, which then cause 
the pressure plate assemblies 118 to pivot on the arm bearings 130 and compress the left ventricle 12 
simultaneously. 

The second embodiment of the ventricular assist device 10' (Figure 5a) is similar to the preferred first 
embodiment except that an actuator housing 128' and a motor housing 22' are directly joined, with a driving 
wedge 186' permanently bonded to and surrounding a roller screw nut 170' such that a single wedge 
follower 132' is directly engaged upon linear movement of a reciprocating shaft 172* (downward in Figure 
5a). The wedge 186', which is also supported along the distal wall of the housing 22* by bearings 206 (of 
similar construction to bearings 130', 136*. and 204), exerts lateral pressure on the wedge follower 132*, 
which in turn causes a right pressure plate assembly 118* to compress the heart 102'. Collaterally, as driver 
arm 122* pivots on right arm bearing 130', rocker plate 202 is forced downward, exerting pressure on 
housing bearing 204 and causing the driver arms 124' to pivot on their respective arm bearings 130'. As a 
result, all three pressure plate assemblies 118* compress the left ventricle 12' simultaneously. It is also 
contemplated that the coupling of a motor 24' and the roller screw shaft 172* could be achieved by a 
magnetic clutch so that in the event of power failure the pressure plate assemblies 118', like those of the 
preferred embodiment, would present no resisting force to the left ventricle 12*. 

To allow the cardiac pumping mechanism 20 (or combined pumping mechanism/motor housing 20', 22') 
to float with the natural movement of the heart, they may be placed in a lubricant-filled sac (not shown). At 
the same time, tethering the assembly to the ventral surface of the sac would limit the degree of motion. 

In the embodiment of the invention as shown in Figures 9 and 10, a ventricular assist device 10" 
includes a pressure plate assembly 118" positioned on a lateral wall of a left ventricle 12" of a heart 102". 
However, instead of the pressure plate assembly 118" being opposed by other left ventricular pressure 
plate assemblies, an intermediate portion of a titanium or platinum tension band 300 is surgically placed in 
an interventricular muscle wall 302 between the left ventricle 12" and a right ventricle 138". Opposite ends 
of the tension band 300 are fixed to a rigid support (e.g., a curved plate) 304 implanted in adjacent body 
tissue so as to be essentially immovable. A separate defibrillating electrode 306 is mounted on the outside 
of the right ventricle 138", for providing cardioverting/defibrillating current to the inner surface of the 
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pressure plate assembly 118". 

Figure 10 illustrates the action of the ventricular assist device 10" when the pressure plate assembly 
118" is moved to the left by a pumping mechanism of the type shown in Figures 4a or 5a. The pressure 
plate assembly 118" and the rigid structure 304 separate, resulting in constriction of the left ventricle 12" 

5 during ventricular contraction. The advantage of this embodiment of the invention is that it compensates for 
weakness of the interventricular muscle wall 302 and, by encompassing the ventricle 12", gives generalized 
support to the contracting ventricle. 

In the further embodiment of the invention shown in Figure 11, a ventricular assist device 10"' includes 
one or more encircling bands 300' (only one shown) positioned around, for example, a left ventricle 12"*. As 

70 in Figures 9 and 10, intermediate portions of the bands 300' are surgically implanted in an interventricular 
wall 302' between the left ventricle 12'" and a heart right ventricle 138"'. Further, opposite ends of the 
bands 300' are connected to a suitable operating mechanism by being rigidly fixed (e.g., welded) to two 
pressure plates 120'". Thus, when the pressure plates 120"* close, the bands 300' are moved from solid to 
broken line positions, thereby compressing the left ventricle 12"'. 

75 With specific reference to Figures 3b, 4a, 4d, and 7, an electrical conductor conduit or cable 188, which 
may be bonded to the actuator housing 128 (as in Figure 4a), includes a multipin connector 190 (Figure 3) 
at its free end, which connects with a mating plug 192 that is mounted on the casing 114 of the electronic 
module 30. The conduit 188 houses all electrical conductors (e.g., 148 in Figure 7) running between the 
cables 150 on the pressure plate assemblies 118 and the electronic module 30. Similarly, an electrical 

20 cable 194 connects the electrical motor housing 22 (Figure 4d) to the electronic module 30 via a second 
multipin connector 196 and second mating plug 198. 

Referring again to Figures 1 and 2, the functions of the electronic module 30 will now be discussed. 
While the description refers primarily to the preferred embodiment of the invention, it is to be understood 
that the description, with certain modifications, is also applicable to other possible embodiments of the 

25 invention. 

The electronic module casing 114 (Figure 3) houses, in part, one or more electronic circuit packs 52 
and the rechargeable power supply 32, the latter including four or more AA batteries 166 and the energy 
pickup coil 116. The electronic circuit packs 52 contain the various units shown in Figure 1, including the 
control system 28, energy storage device 34, cardiac pacer unit 36, cardioverter/defibrillator 38; biological 

30 recorder 40, and alarm device 42. 

The control system 28 may utilitze a variety of sensing strategies to provide optimal mechanical 
pumping assistance in any of three basic modes: normal left ventricular assist mode, ventricular arrhyth- 
mia/asystole mode, and failsafe/standby mode. During normal assist mode, the pressure plate assemblies 
118 assist in ventricular compression as needed to maintain sufficient blood flow. In the event of ventricular 

35 tachycardia, ventricular fibrillation, or asystole, cardioversion/defibrillation or pacing is attempted, as appro- 
priate. Should cardioverting/defibrillating energy be needed, the pressure plate assemblies 118 would first 
compress the heart 102 so as to eject blood from the organ and thereby decrease the cardioversion/ 
defibrillation energy threshold. If this electrical therapy is unsuccessful, the pumping mechanism 20 
responds by compressing the left ventricle 12 at a rate of approximately 72 beats per minute and with 

40 sufficient compression depth to maintain systolic pressure of about 90-120 mmHg. In failsafe mode, the 
pressure plate assemblies 118, in response to failure of the implanted system, would permit natural 
movement of the heart 102; the manual pumping mechanism 44 could then be used, if needed, by the 
patient user or a bystander. 

The control system 28 utilizes input from a variety of sensors. For example, data from rate-sensing 

45 electrodes 152 (Figure 7) or 154 (Figure 2a) enable the control system to coordinate pressure plate 
compressions with R-waves and to provide A-V synchrony for optimized blood flow, if desired. Typically, 
three Hall-effect sensors (not shown) in the brushless DC motor 24, in combination with the motor's eight 
magnets, may be used to determine the position of the pressure plate assemblies 118 by sensing rotation 
of the motor's rotor, which can be translated into linear displacement of the roller screw's reciprocating shaft 

50 172. Alternatively, exact displacement of the reciprocating shaft 172 can be determined by integrating the 
angular velocity of the rotor, which is directly proportional to the back electromotive force (EMF) of the 
motor 24. The pressure plate closing velocity and force also can be readily controlled, if desired, by varying 
the torque of the motor 24 by a servo mechanism 24s (shown schematically in Figures 2a and 4d). 

By analyzing such information the control system 28 can calculate and adjust such variables as ejection 

55 fraction, aortic blood pressure, stroke volume (cc/beat), and blood flow rate (cc/sec). For example, the heart 
102 may be allowed to fill to any left ventricular end diastolic volume, depending on left atrial venous return. 
Then, based on plate position data, the current of motor 24 can be adjusted to obtain a fixed final ejection 
position (end systolic volume) in the compression stroke. As another option, a fixed current can be applied 



9 



EP 0 280 301 B1 



for a given time to the motor 24, which results in a fixed torque and force to the pressure plate assemblies 
118. This will result in variable end compression positions, depending, for example, on filling time and 
volume. On the other hand, varying levels or force can be applied to the pressure plate assemblies 118, 
with sensors then reading the resultant blood pressures and enabling the control system 28 to adjust the 

5 force or the end pressure plate position to maintain a programmed aortic blood pressure. Aortic root blood 
pressure may be sensed using a solid-state pressure transducer (not shown) positioned in the aortic wall. 
As yet another approach, over a specified number of beats pressure plate work can be gradually added, as 
a supplement to natural heart function, until aortic systolic pressure reaches a preprogrammed level. Using 
servocontrol techniques, the amount of pressure plate assistance will automatically adjust to the level 

70 required by the natural heart 102 to maintain the desired aortic pressure. Stroke volume can also be 
assessed by measuring impedance across the electrodes 144, since impedance is related to blood volume 
within the heart 102. 

The control system 28 also contains various automatic self-test features. For example, each time the 
energy storage device 34 supplies energy to the motor 24 for assisting blood circulation or to the 

75 cardioverter/defibrillator unit 38 for tachyarrhythmia conversion, the internal voltage of the batteries 166 is 
compared to a threshold value in a battery test circuit 54 (Figure 1). If the battery voltage drops below the 
threshold value, the battery test circuit 54 enables the patient alarm 42, which may utilize a piezoelectric 
crystal to produce an audio tone. The patient alarm 42 can also be enabled each time a tachyarrhythmia is 
detected by the control system 28, thereby warning the patient that he is about to receive a defibrillation or 

20 cardioversion pulse. 

The control system 28 also includes a real-time electrophysiology/hemodynamic (EH) evaluation mode 
circuit 56. The EH mode, in which arrhythmia detection by the bipolar electrodes 144 and 152 (Figure 7) 
and/or 154 (Figure 2a) is inhibited, is initiated by command from the programmer 48. The cardiac pacer unit 
36 then is placed into the WT mode (i.e., ventricular pacing, ventricular sensing, pulse triggered by sensed 

25 event), but with standard electrophysiology equipment providing simulated R-waves to the programmer 48 
via a telemetry link. During this mode, the internal recorder 40 also transmits electrocardiogram (ECG) data, 
ventricular motion data, and blood flow rate data to the programmer 48. By using the EH mode, the 
patient's risk of arrhythmia genesis and the most effective treatment modes can be determined, and 
pumping settings of the ventricular assist device 10 can be adjusted to reduce energy requirements and 

30 optimize blood flow and/or pressure. 

The cardiac pacer unit 56, cardioverter/defibrillator unit 38, and biological recorder 40, as well as the 
energy storage device 34, are of types known to those skilled in the art. The cardiac pacer unit 36 is 
noninvasive^ programmable, has automatic gain control of the input stages, and provides ventricular, atrial, 
dual chamber, and antitachycardia pacing as required. The cardioverter/defibrillator unit 38 is noninvasively 

35 programmable, has automatic gain control, and is energized from the energy storage device 34 to provide 
synchronized defibrillation or cardioversion pulses as required. 

The cardiac pacer 36 and cardioverter/defibrillator 38, in conjunction with the control system 28 and 
signals from the cardiac electrodes 144 and 152 of the pressure plate pumping assemblies 118 and from 
the atrial cardiac electrodes 154, typically diagnose tachyarrhythmias using three criteria: rate, morphology, 

40 and rate acceleration. (Additional detection parameters can include rate stability and sustained high rate.) 
For this purpose, a rate-detection circuit 58 (Figure 1) of the control system 28 counts the R-waves as 
detected by the bipolar electrodes 152, for example, and compares this rate with two or more programmed 
rate thresholds. A morphologydetection circuit 60 examines the shape of transcardiac signals sensed by 
rectangular electrodes 144 and determines when an absence of isoelectric time occurs, which is char- 

45 acteristic of tachyarrhythmias. Further, an acceleration-detection circuit 62 compares the rate of change of 
the heart rate with a programmed threshold, rapid acceleration normally being associated with treatable 
tachyarrhythmias. For example, during exercise-induced sinus tachycardia, rate accelerates typically at 20 
beats per minute per second, whereas spontaneous ventricular tachycardia typically results in a rate 
acceleration of about 90 beats per minute per second. Tachyarrhythmias can also be detected by motion 

so sensors because, for example, the ventricle 12 will quiver rather than contract rhythmically during 
ventricular fibrillation. Combinations of these criteria identify various types of arrhythmic conditions, and for 
each type an individual treatment sequence can be programmed into the control system 28. Also, in the 
event of ventricular arrhythmias that cannot be controlled by the arrhythmia-control units 36 and 38, the 
control system 28 can be programmed to revert to an asynchronous ventricular assist mode to ensure 

55 adequate, or at least life-supporting, blood flow. 

Bradycardia diagnosis may be accomplished using signals from the atrial bipolar electrodes 154 (Figure 
2a) and ventricular bipolar electrodes 152 (Figure 7) on a beat-by-beat basis. Other rate-responsive 
physiological signals may also be used. These signals include venous blood temperature, oxygen content 
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of the blood, blood pH, respiration rate, muscle activity, and QRS duration. If the heart 102 goes into 
bradycardia and pacing is required, one optional control mode could be to have the pacer 36 search for the 
optimum pacing rate as determined by measuring cardiac output versus rate. 

Output pulses to the heart 102 from the cardiac pacer unit 36 are typically in the microjoule energy 

5 range and are at rates typical of cardiac pacing (60-120 pulses per minute) for bradycardia, or at very high 
rates (150-1500 pulses per minute) to treat tachyarrhythmias. Output pulses from the cardiover- 
ter/defibrillator unit 38 are typically in the range of 0.1 joules to 50 joules, and are either asynchronous or 
synchronous with the R-wave. In the event cardioversion/defibrillation is required, the control system 28 
would ensure full compression of the pressure plate assemblies 118 before countershock delivery, thereby 

w minimizing the volume of blood in the heart and achieving a lower cardioversion/defibrillation energy 
threshold. 

The internal biological recorder 40 records and stores electrogram events, such as tachyarrhythmia 
onset and conversion; device status, such as battery condition; ventricular motion; and blood flow rate. The 
recorder 40 may utilize a delta-modulation scheme to achieve analog-to-digital conversions of the signals at 

75 a typical bit/second rate of 200. The delta-modulated data can then be stored, for example, in a CMOS 
RAM. On command of the programmer unit 48, the recorder 40 then can delta-demodulate the stored data 
to produce an analog voltage which can be transmitted to the interrogation unit 50 by way of a telemetry 
link 64. The recorder 40 can telemeter on-line data as well as stored data, if desired. 

The batteries 166 of the internal rechargeable power supply 32 may be four or five lith- 

20 ium/molybdenum/disuffide rechargeable "AA" cells (in series), such as those available from Moli Energy 
Limited of Vancouver, British Columbia, Canada. The typical characteristics of each battery 166 are as 
follows: 



Ampere-hour capacity 


0.7 A 


Average voltage 


2.0V 


Watt-hour capacity 


1.4 W 


Weight 


20 grams 


Volume 


8 cc 



30 

Some of the important advantages of the batteries 166 over nickel cadmium batteries normally used in 
ventricular assist devices include an increased energy density (by a factor of about 2.5); weight reduction 
from 200 grams to 80-100 grams; lower internal impedance, resulting in less power loss; higher voltage per 
cell; an increase in energy retention by a factor of about four (10% per month versus 40% per month at 

35 body temperature), which significantly enhances system efficiency; and a reliable state-of-remaining- 
capacity indicator (cell voltage), whereas there is no indicator for nickel cadmium cells. The absence of an 
indicator could result in sudden unanticipated device shutdown, placing the patient at risk. Using cell 
voltage as the remaintng-capacity indicator, the depth of cell discharge is accurately controlled by allowing 
the cell voltage to vary between two predetermined voltage limits, which in turn allows thousands of 

40 charge/discharge cycles to be achieved. This is achieved by monitoring battery voltage continuously from 
the control system 28, automatically activating a charging circuit (not shown) of the rechargeable power 
supply 32 when a preset lower voltage is reached, and automatically deactivating the charging circuit when 
battery voltage reaches a preset upper limit. 

To prolong the life of the implanted power supply 32, a closely coupled magnetic circuit (not shown) 

45 comprising a movable magnet in a coil of wire can be integrated into the driver arms 122 and 124. This 
magnetic circuit would convert into electrical energy some of the mechanical work done as the pressure 
plate pumping assemblies 118 are expanded during the filling phase of the ventricle 12. The electrical 
energy would then be supplied to the implanted rechargeable batteries 166. Further, power lost through 
truncation of cardioversion/defibrillation pulses, which is required for effective ventricular tachyarrhythmia 

so conversion, can be returned to the rechargeable batteries 166 using power MOSFETS instead of SCRs in 
the output circuits of the cardioverter/defibrillator unit 38. 

The highly efficient batteries 166, combined with the high efficiency of the ventricular assist device 10, 
permit the internal power supply 32 to operate the implanted device at nominal blood flows for hours before 
requiring recharging. Further, because the batteries 166 do not off-gas, they can be hermetically sealed 

55 within the electronic module's titanium case 114 for enhanced long-term reliability. Thus, the patient's vest- 
or tether-free time is significantly increased, with a corresponding increase in quality of life. 

Referring again to Figure 1 , the functions of the transcutaneous power supply 46 and the program- 
mer/interrogation units 48, 50 will now be further described. The external transcutaneous power supply 46 
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comprises about 15 power cells (not shown), such as the batteries 166, in a "C" configuration connected in 
series. The external power supply 46, which weighs about two pounds and is worn by the patient in a belt 
or vest (not shown), keeps the internal power supply 32 fully charged while providing power for the internal 
subsystem 14 for at least 10 hours without recharging. At nominal conditions, the transcutaneous power 
5 supply 46 can operate the internal subsystem 14 up to a day before being recharged or replaced with a 
fully charged new power supply belt or vest. 

Transcutaneous energy transmission from the external power supply 46 to the internal power supply 32 
is accomplished by two inductively coupled concentric coils, one of which is a primary coil (not shown) in 
the external power supply, and the other of which is the pickup coil 116. The latter, secondary coil may be 
w hermetically sealed within the electronic module case 114 (as outlined in Figures 3a and 3b) or may be 
implanted separately, protected by a butyl rubber coating which is then encapsulated in a polyether-based 
elastomeric urethane. Energy transmission to the secondary coil 116 can typically be performed at 150 
KHz. Because of the large surface area for transcutaneous power transmission, the resulting electromag- 
netic radiation to the patient's tissue is low in the range of the earth's magnetic field. 
is A telemetry link 66 permits noninvasive programming and interrogation of the internal subsystem 14, 
with communication from the programmer 48 to an internal device 68 in the control system 28 being 
accomplished with a digital radio frequency (RF) technique. Communication from the internal device 68 to 
the programmer 48 can be by either an RF channel or an audio channel, the latter using a piezoelectric 
speaker (not shown). Communication on either channel can be digital for data transmission, or analog for 
20 transmission of real-time or recorded electrocardiograms, for example. 

In the event of battery depletion or failure of the assist system 14, 16, the manual pumping mechanism 
44 may be employed to maintain blood flow. As is shown in Figures 2a and 2b, the mechanism 44 includes, 
in addition to the push button 108, a cylindrical housing 70 and an annular flange 72 for maintaining the 
position of the housing. The annular flange 72 is connected to the elastomeric tube 182 (Figure 2b) of the 
25 fluid coupling between the paired bellows 180 (Figure 4d) and 184 (Figures 4a, b and c) by a similar flexible 
plastic tube 74. The push button 108 may be biased outward by, for example, a coil spring (not shown). 
When the push button 108 is depressed, pressure is exerted on the fluid in the tubes 74 and 182, and thus 
on the bellows 184 in the actuator housing 128 (Figure 4a). This in turn engages the driving wedge 186 and 
wedge followers 132, causing the pressure plate assemblies 118 to compress the ventricle 12. It should be 
30 understood that other manual pumping designs are possible; for example, in the absence of a fluid coupling 
system, the push button 108 may be connected to a flexible drive rod. 

The ventricular assist devices 10-10"' in accordance with the invention are considered advantageous in 
that each normally should be capable of supporting full cardiac output, if necessary. Each device 10-10"* is 
capable, for example, of supporting a failed left ventricle 12-12'" with a continuous output of 7-10 liters per 
35 minute without having to exceed a pump rate of 1 20 beats per minute into a mean arterial pressure of 1 20 
mmHg (which might be associated, typically, with a peak arterial pressure of 150 mmHg) and a maximum 
filling pressure of about 15 mmHg. In addition, the rate of pressure rise and fall due to pumping assistance 
will be low enough to avoid excessive blood turbulence, hemolysis, or blood cavitation. Furthermore, the 
pressure plate assemblies 11 8-1 18'" or resilient bands 300-300', which are external to the ventricular 
40 cavities of the heart 102-102"*, do not impede venous return, compromise any organ system, or degrade 
blood circulation in the coronary arteries. The devices 10-10"' also eliminate the need, present in certain 
prior known ventricular assist devices, for a separate compliance chamber (displaced volume compensation 
for cycle changes in volume between pumping sacs and encapsulating shells), which may be compromised 
by fibrous tissue encapsulation and which requires periodic replacement of gas which has diffused through 
45 the compliance chamber materials. The invention also eliminates the need for any valves, which have 
inherent and well-documented problems in prior known cardiac assist devices. 

Each of the ventricular assist devices 10-10'" is also advantageous in that it reduces the total weight of 
all implanted components, when compared to the total weight of known prior art ventricular assist devices. 
The overall weight of the components, including batteries 166, is in a range of 400-500 grams, which 
so represents a weight reduction by a factor of four from known prior art systems that generally weigh 1500- 
2000 grams. 

Another advantage of ventricular assist device 1 0 is that the fluid coupling between the bellows 1 80 and 
184 constitutes a failsafe mechanism whereby the pumping mechanism 20, in the event of motor failure, 
does not restrict the natural movement of the heart 102. Additionally, several embodiments of the invention 
55 would permit separate implantation of the motor housing 22, with only the pumping mechanism 20 
implanted adjacent the heart. Furthermore, for all ventricular assist devices 10-10"', the electronic module 
30 need not be implanted near the pumping mechanism 20-20*. but may be remotely implanted. This 
modular construction facilitates replacement of components, should any fail, and also allows flexibility in 
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determining the optimum implant sites for the individual patient's physiology. 

In summary, new and improved biocompatible ventricular assist and arrhythmia control devices 10-10" 
have been disclosed. For example, device 10 can be completely and readily implanted in the body of a 
patient user, eliminating the need for tethering to an external power supply; is of relatively simple, light- 
weight, and compact construction; requires only a small amount of energy for reliable operation over an 
extended period of time; incorporates a control mechanism for determining left ventricular stroke volume 
and for changing compressive force, as needed, to assure an adequate supply of oxygenated blood; and 
includes bradycardic and fachyarrhythmic control features, which will facilitate device operation in synchro- 
nism with left ventricular contraction. In addition, the rechargeable power supply 32 of the device 10 can be 
readily recharged transcutaneously, and the device can be noninvasively programmed and interrogated. 
The device 10 places no foreign, nonbiological materials in contact with the blood flow, thereby avoiding the 
documented danger of clotting and associated body malfunctions. The device 10 also is capable of 
providing effective mechanical circulatory support to the ventricle 12 of the heart 102 while myocardial 
function recovers postoperatively. 

Claims 

1. A ventricular assist device which can be implanted in a patient user exterior to the heart (102) and 
which comprises: 

a pumping means (20) which includes one or more movable ventricle compression assemblies (118) for 
engaging an outer surface of at least one heart ventricle (12); 

operating means for cyclically actuating the one or more compression assemblies (118) via an electrical 
motor assembly, 

control means (28) for cyclically operating the electrical motor assembly (24); and 

an electrical power source (32); 

characterized 

in that the electrical motor assembly comprises an electrical motor and a rotary-to-linear motion- 
converting mechanism (26), which includes a rotatable member (170) and a reciprocating member 
(172) driven axially by rotation of the rotatable member. 

2. The ventricular assist device according to claim 1 , 
characterized 

in that the one or more movable ventricle compression assemblies (118) are actuated by axial 
movement of the reciprocating member (172) of the rotary-to-linear motion-converting mechanism (26). 

3. The ventricular assist device according to claim 1 or 2, 
characterized 

in that the one or more movable ventricle compression assemblies (118) each includes a pressure plate 
(120) mounted on a compressive arm (122, 124) via an axle/bearing mount (126) such that the pressure 
plate (120) can follow the natural movement of the heart (102). 

4. The ventricular assist device according to anyone of claims 1 to 3, 
characterized 

in that the electrical motor assembly (24) is contained within a motor assembly housing (22) that is 
replaceable separate from the pumping means (20). 

5. The ventricular assist device according to anyone of claims 1 to 4, 
characterized 

in that the electric motor assembly (24) actuates the one or more movable ventricle compression 
assemblies (118) of the pumping means (20) by way of a fluid-filled coupling system; and 
the fluid-filled coupling system includes separate reciprocating means, one in the electrical motor 
assembly (24) and one in a pumping means housing, connected by elastomeric tubing. 

6. The ventricular assist device according to anyone of claims 1 to 5, 
characterized 

in that each ventricle compression assembly (118) includes a metal pressure plate (120). 
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7. The ventricular assist device according to anyone of claims 1 to 6, 
characterized 

in that the one or more ventricle compression assemblies (118) each includes a contact pad (142) for 
gluing and/or suturing the compression assembly to the ventricle (12). 

5 

8. The ventricular assist device according to claim 7, 
characterized 

in that the contact pad (142) is formed of reinforced soft, electrically insulating material. 

70 9. The ventricular assist device according to anyone of claims 1 to 8, 
characterized 

in that the electrical power source (32) includes a pack of rechargeable batteries (166) and a pickup coil 
(116), with the batteries (166) being disposed in a casing (114) capable of subcutaneous implantation 
such that the batteries (166) can be recharged transcutaneously through the pickup coil (116); and 
75 implantable electrical cable means connects the electrical power source (32) to the operating means. 

10. The ventricular assist device according to anyone of claims 1 to 9, 
characterized 

in that the control means (28) includes control circuitry disposed in an electronic module (30) which is 
20 capable of subcutaneous implantation such that circuitry contained therein can be programmed and/or 
interrogated transcutaneously; 

said electronic module (30) is disposed in the same casing (114) in which components of the power 
source (32) are implanted; 

said control circuitry is connected to the pumping means (20) and/or to the operating means by 
25 electrical conductor means (188) insulated within implantable electrical cable means; and 

said power source (32) is connected to the operating means by implantable electrical cable means. 

11. The ventricular assist device according to anyone of claims 1 to 10, 
characterized 

30 by electrode means (144) mounted adjacent at least one of the one or more ventricle compression 

assemblies (118) for sensing cardiac electrical signals and transmitting said signals to the control 
means (28) via respective ones of the conductor means. 

12. The ventricular assist device according to anyone of claims 1 to 11, 
35 characterized 

in that the electrode means (144) is formed of titanium wire mesh or platinum alloy mesh. 

13. The ventricular assist device according to anyone of claims 1 to 12, 
characterized 

40 by circuitry (36) for producing heart pacer pulses and also includes electrical conductor means for 
applying said pacer pulses to electrode means (144) mounted adjacent at least one heart ventricle (12). 

14. The ventricular assist device according to anyone of claims 1 to 13, 
characterized 

45 by circuitry for producing heart card ioverting/defibri Hating pulses and also includes electrical conductor 

means for applying said pulses to electrode means mounted adjacent at least one heart ventricle (12). 

15. The ventricular assist device according to claim 14, 
characterized 

so in that prior to cardioverting/defibrillating pulse delivery, the control means (28) causes the operating 
means to close each of the one or more movable ventricle compression assemblies (118) thereby 
removing blood from the heart (102) and lowering the cardiac cardioversion/defibrillation energy 
threshold. 

55 16. The ventricular assist device according to claim 11, 
characterized 

in that the cardiac electric signal transmitting electrical conductor means (188) is contained within 
additional electrical cable means mounted adjacent respective ones of the one or more ventricle 
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compression assemblies (118) having said sensing electrode means; and 

said additional cable means is connected with the control means via a portion of said firstmentioned 
electrical cable means. 

17. The ventricular assist device according to anyone of claims 1 to 16, which further includes servocontrol 
means for automatically adjusting ventricular assist device pumping assistance to the level required by 
the natural heart to maintain blood flow. 

18. The ventricular assist device according to anyone of claims 1 to 17, 
characterized 

by sensing means, including said cardiac electrical signal sensing electrode means, for sensing 
measurement of systolic blood pressure, stroke volume, blood flow rate, ejection fraction, compression 
assembly position and/or displacement, electrical current consumption by the operating means, cardiac 
rate, electrocardiogram morphology, and/or cardiac rate acceleration; and 

means in said control circuitry (28) for utilizing input from said sensing means to adjust operating 
parameters of the operating means in accordance with preprogrammed cardiac parameters. 

19. The ventricular assist device according to anyone of claims 1 to 18, 
characterized 

by a movable ventricle compression means for engaging a ventricular apex, the apex-enganging 
compression means also being operable by the operating means. 

20. The ventricular assist device according to claim 1 9, 
characterized 

in that at least one of the ventricle compression assemblies (118) engages a side of the at least one 
heart ventricle (12) and the operating means permits sequential movement of the apex-engaging 
compression means and the side-engaging compression assembly in a ventricle-compressing opera- 
tion. 

21. The ventricular assist device according to anyone of claims 1 to 20, 
characterized 

in that the control means (28) includes circuitry for conducting automatic self-tests, such as analysis of 
remaining battery capacity. 

22. The ventricular assist device according to anyone of claims 1 to 21, 
characterized 

in that the control means includes circuitry for activating a patient alarm (42) in response to malfunction 
conditions, such as low battery voltage in an implanted power source. 

23. The ventricular assist device according to anyone of claims 13 to 22, 
characterized 

by circuitry (56) for initiating a realtime electrophysiology/hemodynamic (EH) evaluation mode in which 
the pacer circuitry is placed into WT mode (ventricular pacing, ventricular sensing, pulse triggered by 
sensed event). 

24. The ventricular assist device according to anyone of claims 1 to 23, 
characterized 

by manually operable means (108) for moving at least one of the movable ventricle compression 
assemblies (118) to compress the ventricle (12). 

25. The ventricular assist device according to anyone of claims 1 to 24, 
characterized 

by sensing circuitry which forms part of the control means and which is capable of detecting a 

malfunction in the device and/or the heart; and 

an alarm which is responsive to said malfunctionsensing circuitry. 

26. The ventricular assist device according to anyone of claims 1 to 25, 
characterized 
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by a means (40) for recording data produced during the operation of said ventricular assist device, the 
recording means (40) being implantable and capable of transcutaneous interrogation. 

27. The ventricular assist device according to anyone of claims 1 to 26, 
characterized 

in that the pumping means includes: 

a rigid support member (304) external to the heart (102); 

at least one resilient band (300) having an intermediate portion surgically implantable in an interven- 
tricular wall of the heart (102), the band (300) having opposite ends which connect to the rigid support 
(304); and 

one or more of the movable ventricle compression assemblies (118) positioned between the rigid 
support member (304) and the resilient band (300). 

28. The ventricular assist device according to anyone of claims 1 to 27, 
characterized 

in that the pumping means includes at least one resilient band (300) having an intermediate portion 
surgically implanted in an interventricular wall of the heart (102) and having end portions fixed to two 
movable ventricle compression assemblies (118) such that actuation of the compression assemblies 
(118) constricts the at least one resilient interventricular band (300) and thereby compresses the 
ventricle (12). 

29. The ventricular assist device according to anyone of claims 5 to 28, 
characterized 

in that the separate reciprocating means are first and second bellows (1 80). 

30. The ventricular assist device according to anyone of claims 5 to 28, 
characterized 

in that the separate reciprocating means are rolling diaphragms. 

31. The ventricular assist device according to anyone of claims 5 to 28, 
characterized 

in that the metal pressure plate (120) is formed of a nickel or titanium alloy. 

32. The ventricular assist device according to anyone of claims 9 to 28, 
characterized 

in that the thickness of the contact pad (132) is progressively reduced toward its periphery to avoid 
edge stress. 

33. The ventricular assist device according to anyone of claims 9 to 28, 
characterized 

in that the contact pad (132) is formed of silicone rubber reinforced with Dacron fibers and having a 
durometer in a range of the order of 30-50. 

34. The ventricular assist device according to anyone of claims 13 to 28, 
characterized 

in that said pacer pulse electrode means (36) and electrical conductor means also are said cardiac 
electrical signal sensing electrode means and electrical conductor means. 

35. The ventricular assist device according to anyone of claims 14 to 28, 
characterized 

in that said heart cardioverting/defibrillating pulse electrode means and electrical conductor means also 
are said cardiac electrical signal sensing electrode means and electrical conductor means. 

36. The ventricular assist device according to anyone of claims 25 to 28, 
characterized 

in that said alarm (42) is responsive to device malfunction conditions such as low battery voltage in an 
implanted power source. 
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Patentansprtiche 

1. Kammerunterstutzungsgerat zur Implantation in einen Patienten auBerhalb des Herzens (102) mit 
einer Pumpeinrichtung (20), die eine Oder mehrere bewegbare Ventrikelkompressionsanordnung(en) 
(118) zum Einwirken auf eine AuBenftache mindestens eines Herzventrikels (12) aufweist; 

einer Betriebseinrichtung zum zyklischen Betatigen der einen oder mehreren Kompressionsanordnung- 
(en) (118) Ober eine elektrische Motoranordnung, 

einer Steuereinrichtung (28) zum zyklischen Betreiben der elektrischen Motoranordnung (24); und 
einer elektrischen Energiequelle (32); 
dadurch gekennzeichnet, 

daB die elektrische Motoranordnung einen elektrischen Motor und einen Wandlermechanismus fUr 
Rotationsbewegungen in lineare Bewegungen (26) aufweist, der ein drehbares Teil (170) und ein hin- 
und hergehendes Teil (172), das axial mittels der Drehung des drehbaren Teils angetrieben wird, 
aufweist. 

2. Kammerunterstutzungsgerat nach Anspruch 1 , 
dadurch gekennzeichnet, 

daB die eine oder mehreren bewegbare(n) Ventrikelkompressionsanordnung(en) (118) mittels der 
Axialbewegung des hin- und hergehenden Teils (172) des Rotations-zu-Linearbewegungs-Wandlermecha- 
nismus (26) betatigt werden. 

3. Kammerunterstutzungsgerat nach Anspruch 1 oder 2, 
dadurch gekennzeichnet, 

daB die eine oder mehreren bewegbare(n) Ventrikelkompressionsanordnung(en) (118) jeweils eine an 
einem Kompressionsarm (122, 124) uber eine Achsen-/Lagerbefestigung (126) befestigte Druckplatte 
(120) aufweist, so daB die Druckplatte (120) der naturlichen Bewegung des Herzens (102) folgen kann. 

4. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 3, 
dadurch gekennzeichnet, 

daB die elektrische Motoranordnung (24) innerhalb eines Motoranordnungsgehauses (22) enthalten ist, 
das getrennt von der Pumpeinrichtung (20) austauschbar ist. 

5. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 4, 
dadurch gekennzeichnet, 

daB die elektrische Motoranordnung (24) die eine oder mehreren bewegbare(n) 
Ventrikelkompressionsanordnung(en) (118) der Pumpeinrichtung (20) mittels eines fluidgefUllten Kupp- 
lungssystems betatigt; und 

das fluidgefUllte Kupplungssystem getrennte, hin- und hergehende Einrichtungen, eine in der elektri- 
schen Motoranordnung (24) und eine in einem Pumpeinrichtungsgehause, die mittels einer elastomeren 
Schlauchanordnung verbunden sind, aufweist. 

6. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 5, 
dadurch gekennzeichnet, 

daB jede Ventrikelkompressionsanordnung (118) eine metallische Druckplatte (120) umfaBt. 

7. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 6, 
dadurch gekennzeichnet, 

daB die eine oder mehrere(n) Ventrikeikompressionsanordnung(en) (118) jeweils eine Kontaktunterlage 
(142) zum Ankleben bzw. Annahen der Kompressionsanordnung an das Ventrikel (12) umfaBt. 

8. Kammerunterstutzungsgerat nach Anspruch 7, 
dadurch gekennzeichnet, 

daB die Kontaktunterlage (142) aus einem verstarkten, weichen, elektrisch isolierenden Material gebildet 

ist. 

9. Kammerunterstutzungsgerat nach einem der Anspruche 1 bis 8, 
dadurch gekennzeichnet, 

daB die elektrische Energiequelle (32) einen Satz wiederaufladbarer Batterien (166) und eine Aufnahme- 
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spule (116) aufweist, wobei die Batterien (166) in einem zur subkutanen Implantation geeigneten 
Gehause (114) angeordnet sind, so daB die Batterien (166) transkutan durch die Aufnahmespuie (116) 
wieder aufgeladen werden konnen; und 

daB eine implantierbare elektrische Kabeleinrichtung die elektrische Energiequelle (32) mit der Betriebs- 
einrichtung verbindet. 

10. Kammerunterstutzungsgerat nach einem der Anspruche 1 bis 9, 
dadurch gekennzelchnet, 

daB die Steuereinrichtung (28) einen Steuerschaltkreis umfaBt, der in einem fUr eine subkutane 
Implantation geeigneten Elektronikmodul (30) angeordnet ist, so daB der darin angeordnete Steuer- 
schaltkreis transkutan programmiert bzw. abgefragt werden kann; 

daB der Elektronikmodul (30) im gleichen Gehause (114) abgeordnet ist, in dem die Teile der 
Energiequelle (32) implantiert sind; 

daB der Steuerschaltkreis mit der Pumpeinrichtung (20) und/oder der Betriebseinrichtung mittels 
elektrischer Leitereinrichtungen (188) verbunden ist, welche innerhalb der implantierbaren elektrischen 
Kabeleinrichtung isoliert sind; und daB 

die Energiequelle (32) mit der Betriebseinrichtung mittels der implantierbaren elektrischen Kabeleinrich- 
tung verbunden ist. 

11. Kammerunterstutzungsgerat nach einem der Anspruche 1 bis 10, 
gekennzelchnet durch 

eine Elektrodeneinrichtung (144), die benachbart zu mindestens einer der einen oder mehreren 
Ventrikelkompressionsanordnung(en) (118) befestigt ist zum Erfassen elektrischer Herzsignale und zum 
Senden der Signale an die Steuereinrichtung (28) Clber entsprechende Leiter der Leitereinrichtung. 

12. Kammerunterstutzungsgerat nach einem der Anspruche 1 bis 11, 
dadurch gekennzelchnet, 

daB die Elektrodeneinrichtung (144) aus einem Titandrahtgewebe oder einem Platinlegierungsgewebe 
gebildet ist. 

13. Kammerunterstutzungsgerat nach einem der Anspruche 1 bis 12, 
gekennzelchnet durch 

einen Schaltkreis (36) zur Erzeugung von Herzschrittmacherimpulsen und welches auBerdem eine 
elektrische Leitereinrichtung zum Anlegen der Schrittmacherimpulse an die benachbart zu mindestens 
einer Herzkammer (12) befestigte Elektrodeneinrichtung (144) aufweist. 

14. Kammerunterstutzungsgerat nach einem der Anspruche 1 bis 13, 
gekennzelchnet durch 

einen Schaltkreis zur Erzeugung von Herzkardioversions-/Defibrillationsimpulsen und welches auBerdem 
eine elektrische Leitereinrichtung zum Anlegen dieser Impulse an die benachbart zu mindestens einem 
Herzventrikel (12) befestigte Elektrodeneinrichtung aufweist. 

15. Kammerunterstutzungsgerat nach Anspruch 14, 
dadurch gekennzelchnet, 

daB vor der Zufuhrung der Karioversions-/Defibrillationsimpulse die Steuereinrichtung (28) bewirkt, daB 
die Betriebseinrichtung jede der einen oder mehreren bewegbaren Ventrikelkompressionsanordnung- 
(en) (118) schliefit, wodurch Blut aus dem Herzen (102) entfernt wird, und die kardiale Kardioversions- 
/Defibrillationsenergieschwelle abgesenkt wird. 

16. KammerunterstOtzungsgerat nach Anspruch 11, 
dadurch gekennzelchnet, 

daB die elektrische Leitereinrichtung (188) zum Senden des elektrischen kardialen Signals innerhalb 
zusatzlicher elektrischer Kabeleinrichtungen enthalten ist, die benachbart zu den entsprechenden der 
einen oder mehreren Ventrikelkompressionseinrichtung(en) (118) befestigt sind, welche die Sensorelek- 
trodeneinrichtung aufweisen; und 

die zusatzliche Kabeleinrichtung mit der Steuereinrichtung Uber einen Teil der zuerst erwahnten 
elektrischen Kabeleinrichtung verbunden ist. 
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17. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 16, 

welches auBerdem eine Servosteuereinrichtung zum automatischen Einstellen der KammerunterstUt- 
zungsgerat-Pumphilfe auf das fur das natUrliche Herz erforderliche Niveau zur Aufrechterhaltung der 
Blutstromung aufweist. 

18. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 17, 
gekennzeichnet durch 

eine Sensoreinrichtung, die die kardiale elektrische Signal-Sensorelektrodeneinrichtung aufweist zur 
Erfassung der Messung des systolischen Blutdrucks, des Schlagvolumens, der BlutdurchfluGmenge, 
des AusstoBbruchteils, der Kompressionsanordnungsstellung bzw. -verstellung, des elektrischen Strom- 
verbrauchs der Betriebseinrichtung, der Herzgeschwindigkeit, der Elektrokardiogrammorphologie bzw. 
der kardialen Beschleunigung; und 

eine Einrichtung in dem Steuerschaltkreis (28) zur Verwendung der Eingabe von der Sensoreinrichtung 
zur Einstellung der Betriebsparameter der Betriebseinrichtung in Ubereinstimmung mit vorprogrammier- 
ten Kardialparametern. 

19. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 18, 
gekennzeichnet durch 

eine bewegbare Ventrikelkompressionseinrichtung zum Eingreifen mit einer Ventrikelspitze, wobei die 
Kompressionseinrichtung zum Eingreifen der Ventrikelspitze ebenfalls mittels der Betriebseinrichtung 
betreibbar ist. 

20. Kammerunterstutzungsgerat nach Anspruch 19, 
dadurch gekennzeichnet, 

daB mindestens eine der Ventrikelkompressionsanordnungen (118) mit einer Seite der mindestens 
einen Ventrikelkammer (12) im Eingriff ist, und die Betriebseinrichtung eine sequentielle Bewegung der 
Kompressionseinrichtung zum Eingreifen der Ventrikelspitze und der SeiteneingriffsKompressionsanord- 
nung bei einem Ventrikelkompressionsbetrieb ermoglicht 

21. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 20, 
dadurch gekennzeichnet, 

daB die Steuereinrichtung (28) einen Schaltkreis zur Durchfuhrung von automatischen Selbsttests, wie 
z.B. einer Analyse der verbleibenden Batteriekapazitat, aufweist. 

22. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 21 , 
dadurch gekennzeichnet, 

daB die Steuereinrichtung einen Schaltkreis zur Aktivierung eines Patientenalarms (42) als Reaktion auf 
Fehlfunktionszustande, wie z.B. geringe Batteriespannung in einer implantierten Energiequelle, aufweist. 

23. Kammerunterstutzungsgerat nach einem der AnsprUche 13 bis 22, 
gekennzeichnet durch 

einen Schaltkreis (56) zur Einleitung eines elektrophysiologischen/hemodynamischen (EH) Echtzeit- 
Evaluationsbetriebes, bei dem der Schrittmacherschaltkreis auf einen WT-Betrieb (Kammerschrittma- 
chung, Kammererfassung/durch erfaBtes Ereignis ausgeloster Impuls) eingestellt ist. 

24. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 23, 
gekennzeichnet durch 

eine von Hand betreibbare Einrichtung (108) zur Bewegung mindstens einer der bewegbaren Ventrikel- 
kompressionsanordnungen (118) zum ZusammendrUcken des Ventrikels (12). 

25. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 24, 
gekennzeichnet durch 

einen Sensorschaltkreis, der einen Teil der Steuereinrichtung darstellt und der zur Errnittlung einer 

Fehlfunktion des Gerates bzw. des Herzens geeignet ist; und 

einen Alarm, der auf den Schaltkreis zur Fehlfunktionsermittlung anspricht. 

26. Kammerunterstutzungsgerat nach einem der AnsprUche 1 bis 25, 
gekennzeichnet durch 
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eine Einrichtung (40) zur Aufzeichnung der wShrend des Betriebes des KammerunterstUtzungsger&tes 
erzeugten Daten, wobei die Aufzeichnungseinrichtung (40) implantierbar und fUr eine transkutane 
Abfrage geeignet ist. 

5 27. KammerunterstUtzungsgerat nach einem der AnsprQche 1 bis 26, 
dadurch gekennzeichnet, 

daB die Pumpeinrichtung ein starres, auBerhalb des Herzens (102) angeordnetes StUtzteil (304), 
mindestens ein federndes Band (300) mit einem mittleren Abschnitt, der chirurgisch in eine Zwischen- 
kammerwand des Herzens (102) implantierbar ist, wobei das Band (300) gegenUberliegende Enden 
70 aufweist, die mit der starren StUtze (304) verbunden sind; und 

eine oder mehrere zwischen dem starren StUtzteil (304) und dem federnden Band (300) angeordnete 
bewegbare Ventrikelkompressionsanordnung(en) (118) aufweist. 

28. KammerunterstUtzungsgerat nach einem der AnsprQche 1 bis 27, 
75 dadurch gekennzeichnet, 

daB die Pumpeinrichtung mindestens ein federndes Band (300) umfaBt mit einem mittleren, chirurgisch 
in einer Zwischenkammerwand des Herzens (102) implantierten Abschnitt, und mit Endabschnitten, die 
an zwei bewegbaren Ventrikelkompressionsanordnungen (118) so befestigt sind, daB die Betatigung der 
Kompressionsanordnungen (118) mindestens ein federndes Zwischenkammerband (300) zusammen- 
20 zieht und dadurch das Ventrikel (12) zusammendrUckt. 

29. KammerunterstUtzungsgerat nach einem der AnsprQche 5 bis 28, 
dadurch gekennzeichnet, 

daB die getrennten, hin- und hergehenden Einrichtungen erste und zweite BSIge (180) sind. 

25 

30. KammerunterstUtzungsgerat nach einem der Anspruche 5 bis 28, 
dadurch gekennzeichnet, 

daB die getrennten, hin- und hergehenden Einrichtungen Walzenmembrane sind. 

30 31. KammerunterstUtzungsgerat nach einem der Anspruche 5 bis 28, 
dadurch gekennzeichnet, 

daB die metallische Druckplatte (120) aus einer Nickel- oder Titanlegierung gebildet ist. 

32. KammerunterstUtzungsgerat nach einem der Anspruche 9 bis 28, 
35 dadurch gekennzeichnet, 

daB die Dicke des BerUhrungskissens (132) progressiv in Richtung seines Umfangs vermindert wird, 
um eine Randspannung zu vermeiden. 

33. KammerunterstUtzungsgerat nach einem der Anspruche 9 bis 28, 
40 dadurch gekennzeichnet, 

daB das Beruhrungskissen (132) aus mit Dakronfasern verstarktem Silikongummi besteht und eine 
Durometerharte im Bereich von 30 bis 50 aufweist. 

34. KammerunterstUtzungsgerat nach einem der Anspruche 13 bis 28, 
45 dadurch gekennzeichnet, 

daB die Elektrodeneinrichtung (36) zur Erzeugung der Schrittmacherimpulse und die elektrische 
Leitereinrichtung ebenfalls die kardiale elektrische Signal-Sensorelektrodeneinrichtung und die elektri- 
sche Leitereinrichtung sind. 

so 35. KammerunterstUtzungsgerat nach einem der AnsprQche 14 bis 28, 
dadurch gekennzeichnet, 

daB die Elektrodeneinrichtung zur Erzeugung von Kardioversions-/Defibrillationsimpulsen und die elek- 
trische Leitereinrichtung ebenfalls die kardiale, elektrische Signal-Sensorelektrodeneinrichtung und 
elektrische Leitereinrichtung sind. 

55 

36. KammerunterstUtzungsgerat nach einem der Anspruche 25 bis 28, 
dadurch gekennzeichnet, 

daB der Alarm (42) auf Geratfehlfunktionsbedingungen, wie z.B. geringe Batteriespannung in einer 
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implantierten Energiequelle, anspricht. 
Revendications 

1. Dispositif d'assistance ventriculaire pouvant etre implantE sur un patient utilisateur, a I'extErieur du 
coeur (102), et comprenant : 

- un moyen de pompage (20) comprenant un ou plusieurs dispositifs mobiles de compression de 
ventricule (118) destines a venir s'engager contre une surface exterieure d'au moins un ventricule 
(12) du coeur ; 

- un moyen de manoeuvre pour actionner cycliquement le ou les dispositifs de compression (1 1 8) 
au moyen d'un dispositif de moteur Electrique ; 

- un moyen de commande (28) pour faire fonctionner cycliquement le dispositif de moteur 
Electrique (24) ; et 

- une source de puissance Electrique (32) ; 

caractErisE en ce que le dispositif de moteur electrique comprend un moteur Electrique et un 
mEcanisme de conversion de mouvement rotatif en mouvement linEaire (26) comprenant un ElEment 
rotatif (170) et un Element alternatif (172) entraTnE axialement par la rotation de PEIEment rotatif. 

2. Dispositif d'assistance ventriculaire selon la revendication 1, caracterise en ce que le ou les dispositifs 
mobiles de compression de ventricule (118) sont actionnEs par le mouvement axial de I'ElEment 
alternatif (172) du mEcanisme de conversion de mouvement rotatif en mouvement linEaire (26). 

3. Dispositif d'assistance ventriculaire selon Tune des revendications 1 ou 2, caractErisE en ce que le ou 
les dispositifs mobiles de compression de ventricule (118) comprennent chacun une plaque de 
pression (120) montee sur un bras de compression (122, 124) par un montage a essieu/coussinet (126) 
de fagon que la plaque de pression (120) puisse suivre le mouvement naturel du coeur (102). 

4. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 3, caractErisE en ce 
que le dispositif de moteur Electrique (24) est loge dans un carter de dispositif moteur (22) remplagable 
sEparement du moyen de pompage (20). 

5. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 4, caractErisE en ce 
que : 

- le dispositif de moteur Electrique (24) actionne le ou les dispositifs mobiles de compression de 
ventricule (118) du moyen de pompage (20) par un systeme d'accouplement a remplissage de 
fluide ; et 

- le systeme d'accouplement a remplissage de fluide comprend des moyens alternatifs sEparEs, 
I'un dans le dispositif de moteur Electrique (24) et I'autre dans un carter de moyen de pompage 
relie par une tuyauterie en Elastomere. 

6. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 5, caractErisE en ce 
que chaque dispositif de compression de ventricule (118) comprend une plaque de pression en mEtal 
(120). 

7. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 6, caractErisE en ce 
que le ou les dispositifs de compression de ventricule (118) comprennent chacun un tampon de 
contact (1 42) destinE a coller/ou suturer le dispositif de compression au ventricule (1 2). 

8. Dispositif d'assistance ventriculaire selon la revendication 7, caractErisE en ce que le tampon de 
contact (142) est rEalisE dans un matEriau mou renforcE, Electriquement isolant. 

9. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 8, caractErisE en ce 
que : 

- la source de puissance Electrique (32) comprend un groupement de batteries rechargeables (166) 
et une bobine de captage (116), les batteries (166) Etant disposEes dans un boltier (114) 
susceptible d'une implantation sous-cutanEe de fagon que les batteries (166) puissent etre 
rechargEes a travers la peau par la bobine de captage (116) ; et 
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- un moyen de cable eiectrique implantable relie la source de puissance eiectrique (32) au moyen 
de manoeuvre. 

10. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 9, caracterise en ce 
5 que : 

- le moyen de commande (28) comprend un circuit de commande monte dans un module 
eiectronique (30) susceptible d'une implantation sous-cutanee de fagon que le circuit contenu 
dans ce module puisse etre programme et/ou interroge a travers la peau ; 

- le module eiectronique (30) est place* dans le meme boltier (114) que celui dans lequel sont 
70 implantes les elements de la source de puissance (32) ; 

- le circuit de commande est branche au moyen de pompage (20) et/ou au moyen de manoeuvre 
par des moyens conducteurs eiectriques (188) isoles a Pinte>ieur du moyen de cable eiectrique ; 
et 

- la source de puissance (32) est branchee au moyen de manoeuvre par un moyen de cable 
15 eiectrique implantable. 

11. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 10, caracterise par 
un moyen d'electrode (144) monte* au voisinage du ou des dispositifs de compression de ventricule 
(118) pour detecter les signaux eiectriques cardiaques et transmettre ces signaux au moyen de 

20 commande (28) par les moyens conducteurs respectifs. 

12. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 11, caracterise en ce 
que le moyen d'electrode (144) est constitue par une toile metallique en titane ou en alliage de platine. 

25 13. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 12, caracterise* par 
un circuit (36) destine a produire des impulsions de stimulation cardiaque, et comprenant egalement 
des moyens de conducteurs eiectriques pour appliquer ces impulsions de stimulation cardiaque au 
moyen d'electrode (144) monte* au voisinage d'au moins un ventricule (12) du coeur. 

30 14. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 13, caracterise* par 
un circuit destine* a produire des impulsions de cardioversion/defibrillation du coeur, et comprenant 
egalement des moyens conducteurs Electriques pour appliquer ces impulsions au moyen d'electrode 
monte au voisinage d'au moins un ventricule (12) du coeur. 

35 15. Dispositif d'assistance ventriculaire selon la revendication 14, caracterise en ce qu'avant la fourniture de 
"'impulsion de cardioversion/defibrillation, le moyen de commande (28) amene le moyen de manoeuvre 
a fermer chacun du ou des dispositifs mobiles de compression de ventricule (118) pour evacuer ainsi 
le sang du coeur (102), et a baisser le seuil d'Snergie de cardioversion/defibrillation du coeur. 

40 16. Dispositif d'assistance ventriculaire selon la revendication 11, caracterise en ce que : 

- le moyen conducteur electrique (188) de transmission du signal eiectrique cardiaque, est contenu 
dans un moyen de cable eiectrique supplemental re monte au voisinage du ou des dispositifs 
respectifs de compression de ventricule (118) comportant le moyen d'electrode de detection ; et 

- le moyen de cable supplemental est branche au moyen de commande par une partie du 
45 premier moyen de cable eiectrique indique ci-dessus. 

17. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 16, caracterise en ce 
qu'il comprend en outre un moyen de servocommande pour regler automatiquement I'assistance de 
pompage du dispositif d'assistance ventriculaire au niveau requis par le coeur naturel pour maintenir le 

50 debit sanguin. 

18. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 17, caracterise par : 

- des moyens de detection, comprenant le moyen d'electrode de detection de signal eiectrique 
cardiaque, pour detecter la mesure d'une pression sanguine systolique, un volume de course, un 

55 rythme de debit sanguin, une fraction d'ejection, une position et/ou un deplacement du dispositif 

de compression, une consommation de courant eiectrique du moyen de manoeuvre, un rythme 
cardiaque, une morphologie d 'electrocardiogram me, et/ou une acceleration du rythme cardiaque ; 
et par 
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- un moyen place* dans le circuit de commande (28) pour utiliser le signal d'entr§e du moyen de 
detection afin de r£gler les parametres de fonctionnement du moyen de manoeuvre en fonction 
de parametres cardiaques pre-programmes. 

5 19. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 18, caracte>ise* par 
un moyen mobile de compression de ventricule destine a s'engager contre un sommet ventriculaire, le 
moyen de compression s'engageant contre le sommet ventriculaire pouvant e*galement etre actionne 
par le moyen de manoeuvre. 

20. Dispositif d'assistance ventriculaire selon la revendication 19, caracterise" en ce que le ou les dispositifs 
de compression de ventricule (118) s'engagent contre un cote d'au moins un ventricule (12) du coeur, 
tandis que le moyen de manoeuvre permet un mouvement s§quentiel du moyen de compression 
s'engageant contre le sommet ventriculaire, et du dispositif de compression s'engageant lateralement, 
dans une operation de compression de ventricule. 

21. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 20, caracte>is6 en ce 
que le moyen de commande (28) comprend un circuit pour effectuer des auto-tests automatiques tels 
qu'une analyse de la capacite" de batterie restante. 

22. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 21 , caracteVise* en ce 
que le moyen de commande comprend un circuit de declenchement d'une alarme de patient (42) en 
reponse a un defaut de fonctionnement tet qu'une tension de batterie trop faible dans une source de 
puissance implantee. 

25 23. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 13 a 22, caracterise* par 
un circuit (56) destine a declencher un mode devaluation d'electrophysiologie/hemodynamique (EH) en 
temps reel dans lequel le circuit de stimulation cardiaque est place" dans un mode VVT (stimulation 
ventriculaire, detection ventriculaire, impulsion d£clench£e par un 6v6nement 66tec\6). 

30 24. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 23, caracte>is£ par 
un moyen manoeuvrable manuellement (108) pour deplacer Tun au moins des dispositifs mobiles de 
compression de ventricule (118) pour comprimer le ventricule (12). 

25. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 24, caract6ris6 par : 
35 - un circuit de detection faisant partie du moyen de commande et capable de d^tecter un defaut 

de fonctionnement du dispositif et/ou du coeur ; et par 

- une alarme repondant a ce circuit de detection de defaut de fonctionnement. 

26. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 25, caracteVise" par 
40 un moyen (40) pour enregistrer les donnees produites pendant le fonctionnement du dispositif 

d'assistance ventriculaire, ce moyen d'enregistrement (40) etant implantable et capable d'etre interroge* 
a travers la peau. 

27. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 1 a 26, caracteVise* en ce 
45 que le moyen de pompage comprend : 

- un e^ment de support rigide (304) exteVieur au coeur (102) ; 

- au moins une bande Slastique (300) comportant une partie intermediate implantable chirurgicale- 
ment dans une paroi interventriculaire du coeur (102), la bande (300) comportant des extr6mit6s 
oppos^es qui se relient au support rigide (304) ; et 

so - le ou les dispositifs mobiles de compression de ventricule (118) places entre l'6'6ment de support 

rigide (304) et la bande eMastique (300). 

2a Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 1 a 27, caracte>is6 en ce 
que le moyen de pompage comprend au moins une bande eMastique (300) comportant une partie 
55 intermediate implantee chirurgicalement dans une paroi interventriculaire du coeur (102) et comportant 

des parties d'extr6mit£s fix£es a deux dispositifs mobiles de compression de ventricule (118), de facon 
que la manoeuvre des dispositifs de compression (118) contracte la bande interventriculaire 6lastique 
au moins unique (300) en comprimant ainsi le ventricule (12). 
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29. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 5 a 28, caracte>is£ en ce 
que le moyen alternatif sgpare* est constitue* par un premier et un second soufflets (180). 

30. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 5 a 28, caract£rise en ce 
que le moyen alternatif s£pare* est constitue* par des diaphragmes roulants. 

31. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 5 a 28, caracteVise en ce 
que la plaque de pression metallique (120) est r^alisee dans un alliage de nickel ou de titane. 

32. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 9 a 28, caracteVise* en ce 
que I'epaisseur du tampon de contact (132) est progressivement rSduite vers sa pe>iphe>ie pour 6viter 
des contraintes de bords. 

33. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications .9 a 28, caracterise en ce 
que le tampon de contact (1 32) est realise dans un caoutchouc silicone renforce de fibres de Dacron et 
pr£sentant une durete* au durometre se situant dans une plage de I'ordre de 30 a 50. 

34. Dispositif d'assistance ventriculaire selon Tune quelconque des revendications 13 a 28, caracterise' en 
ce que le moyen d'electrode d'impulsions de stimulation cardiaque (36) et le moyen de conducteur 
eMectrique, sont £galement des moyens d'electrode de detection de signal electrique, et des moyens 
de conducteurs eMectriques. 

35. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 14 a 28, caracterise* en 
ce que le moyen d'electrode d'impulsions de cardioversion/defibrillation du coeur et le moyen de 
conducteur electrique, sont egalement des moyens d'electrode de detection de signal electrique 
cardiaque, et des moyens de conducteurs £lectriques. 

36. Dispositif d'assistance ventriculaire selon I'une quelconque des revendications 25 a 28, caract6ris£ en 
ce que I'alarme (42) repond a des conditions de defaut de fonctionnement du dispositif telles qu'une 
tension de batterie trop faible dans une source de puissance implantee. 
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0 Biocompatible ventricular assist and arrhythmia control device. 



@ A device (10) for compressing a ventricle (12) of 
a heart (102) from one or more sides in synchronism 
with the natural contraction of the ventricle (systole), 
and providing arrhythmia control of the heart, is 
completely implantable in the body (100) of a patient 
user externally of the heart. Compression of the 
ventricle (12) is produced by a plurality of spaced 
compression plate assemblies (118) and a ventricle 
^apex-compression plate (not shown), a single com- 
^pression plate-band assembly (300. 304) or tigh- 
tenable bands (300*). The compression plate assem- 
©blies (118) comprise suitable located electrodes 
CO (144, 152, 154) for heart monitoring purposes. A 
q power supply (32) of the implanted device (10) can 
00 be recharged transcutaneously, and various other 
^components (36. 38, 40, 52, 54, 56, 58. 60, 62, 68) 
©°f the device can be noninvasive^ programmed and 
^interrogated by external circuits (48. 50). The com- 
Qjpression plate assemblies (118) may be operated by 
a small brushiess DC motor (24). An implantable 
manual pump mechanism (44) for operating the 



compression plate assemblies (118), also is provided 
for emergency purposes. The components of the 
implanted device also include a cardiac pacer (36), a 
defibrillator/cardioverter (38), a recorder (40) and an 
alarm (42). 
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BIOCOMPATIBLE VENTRICULAR ASSIST AND ARRHYTHMIA CONTROL DEVICE 



BACKGROUND OF THE INVENTION 



Field of the Invention 

This invention relates to a biocompatible ven- 
tricular assist and arrhythmia control device, and 
more particularly to such a device which (1) can be 
completely and readily implanted external to the 
patient's heart, thereby avoiding thrombogenesis 
and other complications which may arise from con- 
tact between the blood flow and artificial, non- 
biological surfaces; (2) is of relatively simple, light- 
weight, and compact construction; (3) requires a 
relatively small amount of energy to provide reli- 
able, long-term support of native mechanical car- 
diac function; (4) contains "control means to deter- 
mine if left ventricular stroke volume and/or pres- 
sure is adequate and to change the compressive 
force as needed, thereby assuring an adequate 
flow of oxygenated blood; (5) includes bradycardic 
and tachyarrhythmic (pacing and 

cardioverting/defibrillating) control features, which 
will facilitate device operation in synchronism with 
left ventricular contraction; and (6) further enhances 
the patient's quality of life by providing transcuta- 
neous recharging of the implanted power source 
and by maximizing the time spent free of the 
device's external battery pack. 



Description of the Prior Art 

The need for an improved ventricular assist 
device has long been apparent. The pool of pa- 
tients suffering from congestive heart failure (CHF), 
a progressive disease often precipitated by acute 
myocardial infarction, continues to grow. In 1983 
alone the estimated incidence of CHF, in the 
course of which the heart's mechanical pumping 
action is severely compromised, was 400,000 in 
the United States. Some 2.3 million or more per- 
sons suffer from varying degrees of the disease, 
with the estimated annual death rate from mechani- 
cal cardiac dysfunction being 165,000. Individuals 
with worsening CHF who otherwise would be ex- 
pected to have years of productive life ahead of 
them, are generally regarded as candidates for a 
ventricular assist system. At present, however, no 
generally recognized safe and effective assist de- 
vice is available. 

Another patient group potentially in need of 
mechanical heart assistance consists of cardiac 
surgery patients who otherwise would die from 
profound refractory heart failure after removal of 



cardiopulmonary bypass. The intra-aortic balloon 
has been used to assist the circulation mechani- 
cally when other therapies have failed to allow 
weaning from cardiopulmonary bypass. However, 

5 half of these assisted patients die from cardiogenic 
shock (heart failure) despite the intra-aortic balloon. 
Therefore, a need exists for a more effective form 
of mechanical circulatory support that is capable of 
maintaining the systemic circulation and unloading 

70 the left ventricle while native myocardial function 
recovers. 

A third patient group requiring mechanical 
heart assistance are those tachyarrhythmia patients 
who are at risk of sudden death due to electrical 

75 cardiac dysfunction but who also are at risk from 
mechanical heart failure. 

In sum, it is estimated that a safe and effective 
implantable heart assist device could save the lives 
of 100,000 or more patients a year; some estimates 

20 go as high as 230,000. 

In most cases, the underlying causes of the 
heart's weakened condition are coronary artery dis- 
ease and its sequelae. The majority of these pa- 
tients have a normal right ventricle but a left ventri- 

25 cle that has been damaged in specific regions by 
partial or complete arterial blockages, ideally, then, 
a device designed to assist the failing heart should 
be able to supplement the heart's workload and 
also compensate for or support weakened portions 

30 of the left ventricular wall, including the apex or 
interventricular septum. Such a device might also 
incorporate pacemaker and implantable 
cardioverter/defibrillator technology for treating 
those patients who also suffer from such electrical 

35 dysfunctions as bradycardia or tachyarrhythmias. 

Present ventricular assist devices (VADs) and 
artificial hearts have not met these needs. Existing 
devices generally feature blood flow pathways 
made from nonbiological materials. These materials 

40 (e.g., acrylics, Teflon, silicone rubber) often dam- 
age blood celts and blood proteins and produce 
clots, thereby presenting a generic risk of down- 
stream lodgment (thromboembolism) in the circula- 
tory system; attempts to coat plastics with heparin, 

45 an anticoagulant, have not been successful on a 
long-term basis. In fact, blood clots cause most of 
the deaths reported after implantation of an artificial 
heart or assist device. Depending on where lodg- 
ment occurs, blood clots may cause strokes, kid- 
so ney failure, death (necrosis) of the intestinal wall or 
peritonitis, or equally severe damage to other or- 
gans. 

In addition, cardiac arrhythmias may develop 
during ventricular assistance and adversely affect 
blood flow. Present assist devices do not treat 
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these electrical dysfunctions. Other problems with 
existing assist devices include their substantial 
weight and the fact that they displace a large 
volume in the patient's body, which complicates 
implantation and increases the risk of other com- 
plications. 

Another significant difficulty involves energy 
supply and consumption. Because current VADs 
lack a satisfactory implantable energy source, they 
must be continuously powered percutaneously. 
This produces a high risk of infection and gen- 
erates psychological problems for the patient, who 
must be constantly tethered to an external power 
source. Some VADs now under development may 
offer rechargeable implanted batteries coupled with 
continuous electromagnetic energy transmission 
through the skin, the external energy source being 
a series of nickel cadmium batteries placed in a 
vest or belt. Other state-of-the-research-art VADs 
may allow the patient to remove the vest or belt for 
a brief period-up to 20-30 minutes, for example. 
However, greater freedom from external device de- 
pendence continues to be constrained because the 
implantable batteries used in these devices have a 
limited number of recharge cycles, poor state-of- 
charge indicators, poor energy density, and poor 
energy retention, particularly at body temperature. 

Previous attempts to provide ventricular assis- 
tance have ranged from artificial hearts (e.g., the 
Jarvik-7), to devices which directly pump the blood 
via an artificial pathway inserted through the ven- 
tricular wall, to devices which exert pressure on the 
outside of the heart. Most frequently, pressure- 
exerting devices involve some form of flexible blad- 
der within a support structure such that expansion 
of the bladder presses on the ventricle and facili- 
tates expulsion of blood. See, for example, U.S. 
Patents 3,587,567 to Schiff; 3,371,662 to Heid et 
ai.; 4.048,990 to Goetz; and 4,192,293 to Asrican. 
Another structurally related device (U.S. Patent 
4,506,658 to Casile) envisions a truncated conical 
structure of sac-lined rigid panels separated by 
contractible and expandable sections. 

In all of these proposed devices, the support 
structure encases all or most of the heart and 
either pushes against or otherwise contacts the 
right as well as the left ventricle. This complicates 
ventricular assistance since most cases of heart 
failure are due to a failure of the left ventricle, not 
the right. The right ventricle, which pumps against 
a pressure that is typically one-fifth of that seen by 
the left, is generally capable of proper function 
without assistance. Accordingly, these devices risk 
preferentially pumping blood from the right ventri- 
cle, as a consequence of which blood would accu- 
mulate in the lungs and cause pulmonary edema. 
In recognition of this difficulty, one recent proposal 
(U.S. Patent 4.536.893 to Parravicini) envisions us- 



ing two segmented sacs, selectively fed by a 
pumping fluid, to compress the ventricles sepa- 
rately. 

Bladder systems have additional shortcomings. 

5 These include the possibility of catastrophic blad- 
der fluid leakage, a propensity for damaging the 
heart surface due to poor fixation and/or rubbing of 
the bladder against the heart's surface, and the 
unnatural convex form presented to the heart's 

w surface during systolic bladder expansion. 

Another type of cardiac assist system is de- 
signed to compress all or part of the heart by 
alternately tightening and releasing a circumferen- 
tial compression band. For example, one proposed 

75 system for body organs (U.S. Patent 4,304.225 to 
Freeman) involves a flexible strap which is fixed to 
a contoured plastic block and which would pass 
across the back of the heart. In response to elec- 
trical pulses, a motor assembly would alternately 

20 reel in and release the flexible strap, thereby forc- 
ing fluid from the subject organ. One liability of this 
approach is that a pressure of between 20 and 70 
mm Hg in the volume under the strap would pump 
blood from the right ventricle but not the left, since 

25 70 mm Hg or more is required for blood to exit the 
left ventricle into the aorta. As with the bladder- 
type devices discussed above, such a preference 
could lead to a buildup of blood in the lungs, 
producing severe pulmonary complications. 

30 U.S. Patent 4,583,523 to Kleinke and Freeman 

illustrates a heart assist mechanism with some 
similarities to the present invention. However, there 
are numerous differences. For example, Patent 
4,583,523 compresses the aorta, not the left ventri- 

35 cle, and it compresses during the diastolic phase of 
cardiac contraction instead of the systolic phase. 
Furthermore, it has no means to continuously con- 
trol the depth of stroke. Specifically, there is no 
means to monitor the adequacy of left ventricular 

40 stroke volume. 



SUMMARY OF THE INVENTION 

45 This invention relates to an implantable ven- 

tricular assist device which includes (1) one or 
more movable compression mechanisms for en- 
gaging the left ventricle of the heart; (2) an operat- 
ing mechanism for cyclically actuating the movable 

so compression mechanisms and thereby alternately 
ejecting blood from the ventricle and. permitting the 
ventricle to refill; (3) a sensing means to detect 
adequacy of left ventricular stroke volume and/or 
pressure; (4) a control mechanism to assure ade- 

55 quate left ventricular stroke volume by regulating 
the compressive force of the compression mecha- 
nisms, and also to control pacemaker, 
cardioverter/defibrillator, and recorder subsystems; 
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and (5) an electrical power source. 

More specifically, compression mechanisms for 
engaging the sides of the left ventricle may be 
spaced triaxially. A typical configuration would have 
three compression assemblies placed in the anter- 
ior, lateral, and posterior positions with respect to 
the left ventricle; viewing the left ventricle from the 
base of the heart and positioning the midpoint of 
the right ventricle at 270°, typical midpoints for the 
three compression assemblies would be 190°, 90°, 
and 350°. 

Each compression mechanism includes a con- 
toured pressure plate and a soft contact pad moun- 
ted on the interior plate surface for suturing and/or 
gluing the compression mechanism to the ventricle. 
An examination of explanted cardio myopathic 
hearts suggests that the typical compression as- 
sembly surface should be 4-5 cm long and should 
be tapered (wider at the top, narrower at the bot- 
tom), thereby reflecting the shape of the ventricle. 
Each compression mechanism should cover ap- 
proximately 70° of circumferential arc. 

To minimize mechanical stress on. the myocar- 
dial surface, including the coronary arteries, the 
contact pad consists of an elastomer, such as 
silicone rubber, or a thermoplastic material 
(durometer range 30-50). To avoid edge stress, the 
thickness of each contact pad is progressively re- 
duced toward its periphery. To further reduce 
stresses on the myocardium, bearings and axles 
are used to mount the pressure plates on the 
compression mechanism's driving arms: if the con- 
tracting heart produces a torquing force, the joint 
will permit the pressure plate, within specified lim- 
its, to follow the natural movement of the heart. 

In those few cases where the right ventricle 
also needs assistance, the triaxial compression 
mechanisms may be supplemented by a fourth, 
smaller mechanism positioned on the right ventri- 
cle. As another option, a small apical pressure 
plate may be added. Alternatively, one or more 
compression mechanisms may cooperate with a 
tension band surgically placed through the inter- 
ventricular muscle wall of the heart; the opposite 
ends of the tension band would be connected to a 
rigid support external to the heart, with one or more 
pressure plates positioned between the block and 
the heart. In a further variation, the tension bands 
would be rigidly fixed to the compression mecha- 
nisms, which, when closed by the operating 
means, would reduce the circumference of the 
band opening and thereby squeeze the heart. 

The operating mechanism, for cyclically actuat- 
ing the compression mechanisms, includes a motor 
for inducing controlled reciprocating motion plus a 
means for mechanically translating this motion into 
pressure-plate compression. The invention includes 
a brushless, battery-powered D.C. motor which uti- 



lizes an annular energizing coil and magnets to 
drive a roller screw. The roller screw engages a 
bellows pusher (or a similarly functioning compo- 
nent, such as a rolling diaphragm), which in turn is 

5 connected, via fluid-filled elastomeric tubing, with a 
compression housing that contains a second bel- 
lows. When pressure is exerted on the first bellows 
by the roller screw, the fluid coupling transmits 
pressure to the second bellows, to which is at- 

io tached a driving wedge that engages the mounted 
compression mechanisms and thereby aids ven- 
tricular compression. 

The fluid coupling permits the cylindrical motor 
housing to be implanted in a posterior mediastinum 

75 position parallel to the descending aorta, while the 
pumping mechanism housing is positioned in the 
left chest, adjacent the left ventricle. In a second 
embodiment of this invention, the motor housing 
and the pumping mechanism housing would form 

20 an integral unit, with the nut of the roller screw 
bonded to the driving wedge. In both embodi- 
ments, linear movement of the roller screw me- 
chanically governs the degree of pressure-plate 
movement (compression and return) in the com- 

25 pression axis. 

To allow the pumping mechanism housing (first 
embodiment) or the integral motor/pump housing 
(second embodiment) to float with the natural 
movement of the heart, the assembly may be 

30 placed in a lubricant-filled sac. At the same time, 
tethering the assembly to, for example the ventral 
surface of the sac would limit the degree of motion. 

The implanted, programmable control mecha- 
nism, for regulating actuation of the operating 

as mechanism, utilizes input provided in part from 
device motion sensors, an arterial blood pressure 
sensor, blood flow sensors, heart rate-sensing (R- 
wave sensing) electrodes, and/or ECG morphology- 
sensing electrodes positioned in the heart and/or 

40 on the compression mechanisms. The associated 
pacemaker unit, implantable 

cardioverter/defibrillator and energy storage device, 
transcutaneous programmer/interrogation unit, and 
internal biological recorder are of types known to 

45 those skilled in the art. 

Further, the transcutaneous power supply is 
also of a type known to those skilled in the art. The 
implanted electrical source is a pack of high-en- 
ergy rechargeable batteries and a pickup coil dis- 

50 posed in a biocompatible casing capable of sub- 
cutaneous placement. In addition to providing en- 
ergy to the control, operating, and compression 
mechanisms, device circuitry may also produce 
and conduct pacemaker pulses and/or 

55 cardioverting/defibri Hating pulses via the above- 
mentioned electrodes. 

Also, a manually operated mechanism may be 
provided for moving at least one pressure plate to 
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compress the left ventricle in the event of a device 
malfunction; sensors may be included in the con- 
trol mechanism for sensing such malfunctions. 

An object of the invention is to provide a new 
and improved biocompatible ventricular assist de- 
vice which (1) can be completely and readily im- 
planted in the patient's body, external to the heart 
and to blood flow pathways; and (2) is relatively 
simple, light-weight, and compact 

An additional object of the invention is to pro- 
vide compression means which minimize trauma of 
the myocardial surface due to repeated artificial 
compression. 

An additional object of this ventricular assist 
device is to maximize the contribution of native left 
ventricular function, thereby maintaining the myo- 
cardium in an exercised state while increasing de- 
vice efficiency and further lengthening the interval 
between rechargings. 

Another object of this invention is to provide 
such a ventricular assist device which also treats 
electrical dysfunctions (atrial and ventricular, 
brady cardie and tachyarrhythmia to facilitate syn- 
chronous pumping, thereby assuring an adequate 
flow of oxygenated blood. 

A further object of this invention is to consume 
a relatively small amount of electrical energy for 
mechanical operation, thereby permitting the inven- 
tion to function for a relatively long period of time 
between transcutaneous rechargings of the im- 
planted power source. 

Another object of the invention is to provide 
reliable operation over a relatively long time period, 
such as a minimum of 5-10 years. 

Yet an additional object of the invention is to 
provide reliable operation over a large number of 
cycles. 

An object of this invention is also to provide 
means for transcutaneous programming of operat- 
ing parameters and transcutaneous interrogation as 
to prior operations. 

An additional object of the invention is to pro- 
vide a failsafe mechanism whereby the compres- 
sion means, in the event of device failure, does not 
restrict natural movement of the epicardium and 
whereby the device can be manually operated by 
the patient user or another individual. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic block diagram of a 
first embodiment of a ventricular assist device in 
accordance with the invention; 



Figure 2a is a schematic general front 
elevational view of the upper portion of a human 
body in which is implanted the first embodiment of 
the ventricular assist device in accordance with the 
5 invention; 

Figure 2b is a schematic general plan view 
as seen along the line 2b-2b in Figure 2a; 

Figure 3a is a schematic front view of an 
electronic module for the device; 
w Figure 3b is a schematic side view of the 

electronic module shown in Figure 3a; 

Figure 4a is an enlarged front elevational 
view of a direct cardiac pumping mechanism of the 
first embodiment of the invention; 
r5 Figure 4b is a separate front view of a part 

of the pumping mechanism shown in Figure 4a, 
illustrating first and second operating positions; 

Figure 4c is a top view as seen along the 
line 4c-4c in Rgure 4a; 
20 Figure 4d is an enlarged cross-sectional 

view of a drive mechanism in accordance with the 
first embodiment of the invention, taken generally 
along the line 4d-4d in Figure 2a; 

Rgure 4e is a view partially in cross-section, 
25 taken along the line 4e-4e in Rgure 4d; 

Rgure 4f is a cross-sectional view taken 
along the line 4f-4f in Rgure 4d; 

Rgure 5a is a cross-sectional front 
elevational view of a portion of a second embodi- 
30 ment of the invention; 

Rgure 5b is a top view as seen along the 
line 5b-5b in Figure 5a; 

Rgure 6 is a side view of an upper portion of 
a ventricular compression mechanism of the ven- 
35 tricular assist device; 

Figure 7 is a cross-sectional view of a por- 
tion of the ventricular compression mechanism 
shown in Rgure 6, taken along the line 7-7; 

Rgure 8 is an opposite-side view of a portion 
40 of the ventricular compression mechanism shown 
in Rgure 8; 

Figure 9 is a schematic view of a third 
embodiment of the invention in a first operating 
position; 

45 Rgure 10 is a schematic view showing the 

embodiment of Rgure 9 in a second operating 
position; and 

Rgure 11 is a schematic view of a fourth 
embodiment of the invention. 

so 



Rgure 1 discloses a block diagram of one 
55 embodiment of a biocompatible ventricular assist 
and arrhythmia control device 10 in accordance 
with the invention, hereafter referred to as the ven- 
' tricular assist device, it being understood that nu- 
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merous other variations of the invention are. of 
course, possible. As disclosed in Figure 1. the 
ventricular assist device 10, which operates, on 
demand, in synchronism with a heart left ventricle 
12, comprises an implantable subsystem 14 and a 
subsystem 16 external to, and without penetrating, 
a patient user's skin 18. The implantable sub- 
system 14 includes a direct cardiac pumping 
mechanism 20 and a motor housing 22. both out- 
lined by alternating dashes and asterisks. The mo- 
tor housing 22 includes a motor 24 and a rotary-to- 
linear motion converter 26 which mechanically ini- 
tiates (directly or indirectly) the inward ventricle- 
assist motion of the pumping mechanism 20 when 
the left ventricle 12 begins to contract, limits and 
controls the degree of mechanical compression, 
and terminates the compression stroke so that the 
pumping mechanism 20 may return to its original 
outward position as the ventricle refills. The pump- 
ing mechanism 20 and motor housing 22 also 
include sensors which provide input to a device 
control system 28, within an electronic module 30. 

The electronic module 30, as indicated in 
broken lines, includes, in addition to the control 
system 28, a rechargeable power supply 32 and an 
energy storage device 34, which may be one or 
more capacitors. The electronic module 30 further 
includes a cardiac pacer unit 36 and a 
cardioverter/defibrillator unit 38 for arrhythmia con- 
trol, in part to promote operation of the pumping 
mechanism 20 in synchronism with the left ventri- 
cle 12; a biological signal recorder 40; and a pa- 
tient alarm device 42. Another feature of the im- 
plantable subsystem 14 is an emergency manual 
pumping mechanism 44, located outside the elec- 
tronic module 30 and connected to the direct car- 
diac pumping mechanism 20. 

The . external subsystem 16 includes a power 
supply 46, for charging the internal power supply 
32 transcutaneously, and noninvasive combined 
programmer/interrogation units 48, 50. 

Figures 2a and 2b show the ventricular assist 
device 10, as represented by the block diagram of 
Figure 1 , implanted in an upper portion of a human 
body 100 for assisting the left ventricle 12 of a 
heart 102 in the pumping of blood from the heart, 
through the aorta 104, and to the arterial system. It 
is to be understood that the disposition of the 
various parts of the ventricular assist device 10 as 
shown in Figures 2a, 2b and subsequent figures is 
merely for purposes of illustration and that other 
location arrangements may be used. 

The pumping mechanism 20 (Figure 2a) en- 
gages the walls of the left ventricle 12 and is 
disposed in part between the left ventricle and the 
left lung 106. A manually operable button 108 of 
the manual pumping mechanism 44 is positioned 
between two adjacent ribs 110. with the button 



protruding under the skin 18 to facilitate emer- 
gency use by the patient user or by another per- 
son. The cylindrical motor housing 22 (in outline) of 
the ventricular assist device 10 is disposed in a 

s posterior mediastinum position parallel to the de- 
scending aorta 112. 

As shown in Figures 3a and 3b, the electronic 
module 30 and rechargeable power supply 32 are 
combined in a single casing 114 which may be 

70 implanted in a subcutaneous abdominal pocket or 
inside the rib cage, in which case an energy pickup 
coil 116 of the rechargeable power supply 32 may 
be positioned subcutaneously between two adja- 
cent ribs 110 (Figure 2a). 

T5 As is best shown in Figures 4a, 4b and 4c, the 

pumping mechanism 20 includes triaxial lateral 
pressure plate assemblies 118 around the heart 
102, for engaging and compressing the left ventri- 
cle 12 in synchronism with native or pacemaker- 

20 initiated pumping action. Each pressure plate as- 
sembly 118 includes a pressure plate 120 formed 
of a spring-tempered, biocompatible, inert metal, 
such as the nickel alloy MP35NR (an alloy of 
nickel, cobalt, chromium, and molybdenum). Each 

25 pressure plate 120 is attached to a driver arm 122 
or 124 by way of an axle/bearing mount 126 so that 
the pressure plate may follow, within specified lim- 
its, the natural movement of the heart. Each driver 
arm 122 or 124 is mounted on an actuator housing 

30 128, pivoting on a light-weight, high-performance 
bearing 130, which, like the bearing in the 
axle/bearing mount 126, consists of a tubular lining 
of woven Teflon/Dacron fabric and an inner wound 
fiberglass epoxy resin matrix. The driver arms 122 

35 and 124 and the actuator housing 128 consist of a 
biocompatible metal compound, such as T16AI4V 
(titanium, aluminium, and vanadium). Driver arms 
122 and 124 are engaged by wedge followers 132, 
each of which includes a roller 134 mounted on a 

40 follower bearing 136 (of similar construction to arm 
bearing 130). 

The above pumping or compression mecha- 
nism 20 is readily adapted to varying combinations 
of pressure plate assemblies 118. For example, 

45 triaxial lateral placement could be supplemented 
with a fourth, smaller plate (not shown) positioned 
on the right ventricle 138 (Figure 2a), or with an 
apical plate (not shown) for supporting and sup- 
plying compressive force to the left ventricular 

so apex 140. 

It should also be perceived that other embodi- 
ments of the pumping mechanism 20 are possible. 
For example, in a second embodiment of the ven- 
tricular assist device 10', as illustrated by Figures 

55 5a and 5b, a pumping mechanism 20' includes 
triaxial lateral pressure plate assemblies 118' (only 
two shown in Figure 5a) around the heart, with the 
upper portion of each pressure plate 1 20' adjoining 
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the left ventricle 12* and the lower portion extend- 
ing downward into a driver arm 122'" or 124' (two of 
the latter) to which it is fastened by a set screw 
200. Driver arm 122' differs from driver arms 124' 
in that its associated pressure plate assembly 118' 
is shorter, while its upper extension is correspond- 
ingly longer to accommodate wedge follower 132'. 
Driver arm 122 also differs in that its lower exten- 
sion includes a six-sided rocker plate 202, which 
extends over housing bearings 204 (one shown) to 
which each driver arm 124' is also fixed. 

The pressure plate assemblies 118 (Figures 
4a, b and c) are movable between solid line posi- 
tions when the left ventricle 12 expands (diastole) 
and broken line positions (Figures 4b and 4c) when 
the left ventricle contracts (systole). Strain relief 
sensors (not shown) may be incorporated on the 
pressure plates 120 to assure that the pumping 
mechanism 20 does not restrict filling of the left 
ventricle 12 and does not assist compression un- 
less natural compression is inadequate. 

Referring to Figures 6, 7, and 8 t each pressure 
plate assembly 118 also includes a contact pad 
142 for gluing and/or suturing the pressure plate 
assembly to the left ventricle 12. The contact pad 
1 42 is bonded to an upper portion of each pressure 
plate 120 by an adhesive, with both the contact 
pad and the adhesive consisting of electrically in- 
sulating materials, such as a silicone rubber 
(reinforced with Dacron fibers, in the case of the 
pad) or a thermoplastic. In addition, the contact pad 
1 42 has a thickness which is progressively reduced 
toward its periphery to avoid edge stress, and is 
soft enough (durometer range 30-50) to minimize 
the possibility that pressure from the pressure plate 
assemblies 118 would damage cardiac muscle or 
the coronary arteries, or would interfere with the 
muscle's blood supply. (It should be noted that 
most of the heart muscle's blood supply is deliv- 
ered during diastole, when minimal force is exerted 
by the pressure plates 120.) 

Each contact pad 142 includes a rectangular 
electrode 144 bonded by an electrically insulating 
adhesive (e.g., a silicone rubber), both to the 
ventricle-engaging surface of the contact pad 142 
and to the pressure plate 120. To enable the elec- 
trode 144 to make direct contact with heart tissue, 
the ventricle-engaging surface of the contact pad 
142 contains openings 146, as is best shown in 
Figure 8. Each electrode 144 is connected to the 
electronic module 30 (Figures 3a and 3b) via con- 
ductors 148 (one shown in Figure 7) that are con- 
tained by a cable 150 bonded to one side of the 
pressure plate 120 and extending downward to the 
actuator housing 128. Thus monitoring and control 
signals are transmitted to and from the electrodes 
144, which may be formed of any suitable material, 
such as titanium wire mesh. 



Referring again to Figure 7, for purposes of 
cardiac monitoring a set of bipolar spaced elec- 
trodes 152 also is provided on at least one of the 
pressure plate assemblies 118. The electrodes 152 

5 are supported on the pressure plate by an adhe- 
sive, such as a silicone rubber, and are connected 
to respective conductors of the cable 150. Another, 
J-shaped bipolar electrode 154 (Figure 2a) is im- 
planted in or near the right atrium 156 of the heart 

io 102 and is connected to the electronic module 30 
(Figures 3a and 3b) by insulated conductors 158 
(only one shown); the connection means may in- 
clude, for example, a plug 160 that mates with a 
socket 162 in the electronic module 30. The 

15 spaced bipolar electrodes 152 and 154 each have 
an interelectrode spacing of 1-2 centimeters and 
may be formed of platinum or platinum-iridium. 

Under normal conditions, contraction of the left 
ventricle 1 2 can be properly assisted by compress- 

20 ing the pressure plate assemblies 118 approxi- 
mately 0.46-0.50 inches (1 centimeter). Although 
cineangiography studies indicate that the requisite 
compression distance is relatively independent of 
heart size, different heart sizes can be accom- 

25 modated by increasing (or decreasing) the thick- 
ness of the contact pads 142 and by selecting 
larger or smaller plates 120. In addition, the com- 
pression mechanism 20 has been designed such 
that a one-centimeter stroke can be accomplished 

30 within a start-stop range of two centimeters; this 
permits the position of the pressure plate assem- 
blies 118 to be adjusted to accommodate a range 
of heart sizes. 

The ventricular assist device 10 is particularly 

35 useful if the heart's left ventricle 12 has been 
damaged by scarring. As illustrated in Figure 2a t a 
thin area of scar tissue 164 has formed on the 
ventricle's ventral wall, replacing contractile mus- 
cle. This thinning of the cardiac tissue is a common 

40 cause of weakened left ventricular function. Not 
only is the scar tissue 164 unable to contract, it 
may actually bulge outward during systole, absorb- 
ing the energy of contraction from the functioning 
muscle tissue. Accordingly, by positioning the con- 

45 tact pad 142 of a pressure plate assembly 118 over 
the scar tissue 164, outward bulging of the thin wall 
during systole is prevented and proper contraction 
is achieved. 

As shown in Figure 4d, the motor housing 22 
so includes a brushless DC motor 24 that drives the 
pumping mechanism 20 (Figure 4a). It operates 
directly from rechargeable batteries 166 in the 
electronic module 30 (Figures 3a and 3b) and 
includes an annular energizing coil 24c which sur- 
55 rounds an annular series of permanent magnets 
(not shown). The permanent magnets consist of 
neodymium, iron, and boron (Nd2Fe14B), or similar 
materials, for maximum efficiency and reliability as 
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well as minimum weight. An energizing field is 
applied to the permanent magnets in sequence to 
drive a roller screw device 168 which converts 
rotary motion to linear motion. The roller screw 
device 168 may, of course, be replaced with a 
different type of linear actuator (e.g.. a ball screw 
or a set of appropriate gears), if so desired. 

The brushless DC motor 24 may be of a type 
available on a custom design basis from 
Sierracin/Magnedyne. or Carlsbad. California. With 
such a motor, the overall system efficiency 
(mechanical energy to biood/electrical energy from 
batteries) is about 60-70% or more, which is signifi- 
cantly higher than the 40-50% efficiency of pres- ^ 
ently known ventricular assist devices. A typical set ! 
of design parameters for the motor 24 is as follows: 
Motor : 

Rated torque 5 oz-in 

Rated speed 3/4 radians/sec 

Input current 1.1 amperes 

Input voltage 10 volts 

Input power 13 watts 

Output power 1 1 watts 

Efficiency 85 percent 

Duty cycle 25-50 percent 

0. D. 1.25 in 

1. D. 0.31 in 
Height 0.87 in 
Weight 70 grams 

The roller screw device 1 68 is also of a known 
type, such as that available from Rollvis S.A. of 
Geneva, Switzerland. It features a rotatable outer 
cylinder (nut) 170 that is internally screw threaded, 
and a reciprocating shaft 172 that is mounted in the 
cylinder 170 and externally screw threaded. Deep 
groove ball bearings 174 permit the reciprocating 
shaft 172 to slide, but not to rotate; this may be 
accomplished, for example, by interengaging 
splines and grooves (not shown). Another set of 
ball bearings 176 (Figures 4d and 4e), situated in a 
groove in the housing 22, are designed to absorb 
any torque that would otherwise be exerted on the 
nut 170. 

Referring to Figures 4d and 4f, integral with the 
periphery of the nut 170 are four arms 178 which 
are extended between the bearings 174 and which 
are welded to one end of a bellows pusher 180. 
The bellows 180. like the motor housing 22, is 
formed from a suitable biocompatible material, 
such as T16AI4V. An elastomeric tube 1 82 extends 
from the end of the bellows 180, through the end of 
the motor housing 22, and connects to a recipro- 
cating bellows 184 that is contained within the 
actuator housing 128 (Figure 4a). The paired bel- 
lows 180, 184 and connecting tube 182 contain a 
biocompatible fluid, such as mineral oil, and to- 
gether constitute a fluid coupling. 

Linear motion of the reciprocating shaft 172 



causes the nut 170 to exert pressure upon the 
bellows 180, with the fluid coupling then transmit- 
ting pressure to the second bellows 184. to which 
is welded a driving wedge 186. In turn, the wedge 

5 186 exerts lateral pressure on the wedge followers 
132. which then cause the pressure plate assem- 
blies 118 to pivot on the arm bearings 130 and 
compress the left ventricle 12 simultaneously. 

The second embodiment of the ventricular as- 

io sist device 10' (Figure 5a) is similar to the pre- 
ferred first embodiment except that an actuator 
housing 128' and a motor housing 22' are directly 
joined, with a driving wedge 186' permanently bon- 
ded to and surrounding a roller screw nut 170' such 

75 that a single wedge follower 132' is directly en- 
gaged upon linear movement of a reciprocating 
shaft 172' (downward in Figure 5a). The wedge 
186', which is also supported along the distal wall 
of the housing 22' by bearings 206 (of similar 

20 construction to bearings 130', 136', and 204), exerts 
lateral pressure on the wedge follower 132', which 
in turn causes a right pressure plate assembly 118' 
to compress the heart 102'. Collaterally, as driver 
arm 122' pivots on right arm bearing 130', rocker 

25 plate 202 is forced downward, exerting pressure on 
housing bearing 204 and causing the driver arms 
124' to pivot on their respective arm bearings 130'. 
As a result, all three pressure plate assemblies 118' 
compress the left ventricle 12' simultaneously. It is 

30 also contemplated that the coupling of a motor 24' 
and the roller screw shaft 172' could be achieved 
by a magnetic clutch so that in the event of power 
failure the pressure plate assemblies 118', like 
those of the preferred embodiment, would present 

35 no resisting force to the left ventricle 1 2'. 

To allow the cardiac pumping mechanism 20 
(or combined pumping mechanism/motor housing 
20'. 22') to float with the natural movement of the 
heart, they may be placed in a lubricant-filled sac 

40 (not shown). At the same time, tethering the as- 
sembly to the ventral surface of the sac would limit 
the degree of motion. 

In the embodiment of the invention as shown in 
Figures 9 and 10, a ventricular assist device 10* 

45 includes a pressure plate assembly 118* positioned 
on a lateral wall of a left ventricle 12" of a heart 
102*. However, instead of the pressure plate as- 
sembly 118* being opposed by other left ventricu- 
lar pressure plate assemblies, an intermediate por- 

50 tion of a titanium or platinum tension band 300 is 
surgically placed in an interventricular muscle wall 
302 between the left ventricle 12* and a right 
ventricle 138*. Opposite ends of the tension band 
300 are fixed to a rigid support (e.g., a curved 

55 plate) 304 implanted in adjacent body tissue so as 
to be essentially immovable. A separate defibril- 
lating electrode 306 is mounted on the outside of 
the right ventricle 138*. for providing 
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cardioverting/defibri Hating current to the inner sur- 
face of the pressure plate assembly 118". 

Figure 10 illustrates the action of the ventricular 
assist device 10" when the pressure plate assem- 
bly 118" is moved to the left by a pumping mecha- 
nism of the type shown in Figures 4a or 5a. The 
pressure plate assembly 118" and the rigid struc- 
ture 304 separate, resulting in constriction of the 
left ventricle 12* during ventricular contraction. The 
advantage of this embodiment of the invention is 
that it compensates for weakness of the interven- 
tricular muscle wall 302 and, by encompassing the 
ventricle 12", gives generalized support to the con- 
tracting ventricle. 

In the further embodiment of the invention 
shown in Figure 11, a ventricular assist device 10" 
includes one or more encircling bands 300' (only 
one shown) positioned around, for example, a left 
ventricle 12". As in Figures 9 and 10, intermediate 
portions of the bands 300' are surgically implanted 
in an interventricular wall 302' between the left 
ventricle 12" and a heart right ventricle 138". Fur- 
ther, opposite ends of the bands 300' are con- 
nected to a suitable operating mechanism by being 
rigidly fixed (e.g., welded) to two pressure plates 
120". Thus, when the pressure plates 120" close, 
the bands 300' are moved from solid to broken line 
positions, thereby compressing the left ventricle 
12". 

With specific reference to Figures 3b, 4a, 4d, 
and 7, an electrical conductor conduit or cable 188, 
which may be bonded to the actuator housing 128 
(as in Figure 4a), includes a multipin connector 190 
(Figure 3) at its free end, which connects with a 
mating plug 192 that is mounted on the casing 114 
of the electronic module 30. The conduit 188 
houses all electrical conductors (e.g., 148 in Figure 
7) running between the cables 150 on the pressure 
plate assemblies 118 and the electronic module 30. 
Similarly, an electrical cable 194 connects the elec- 
trical motor housing 22 (Figure 4d) to the electronic 
module 30 via a second multipin connector 196 
and second mating plug 198. 

Referring again to Figures 1 and 2, the func- 
tions of the electronic module 30 will now be dis- 
cussed. While the description refers primarily to 
the preferred embodiment of the invention, it is to 
be understood that the description, with certain 
modifications, is also applicable to other possible 
embodiments of the invention. 

The electronic module casing 114 (Figure 3) 
houses, in part, one or more electronic circuit 
packs 52 and the rechargeable power supply 32, 
the latter including four or more AA batteries 166 
and the energy pickup coil 116. The electronic 
circuit packs 52 contain the various units shown in 
Figure 1, including the control system 28. energy 
storage device 34. cardiac pacer unit 36, 



cardioverter/defibrillator 38. biological recorder 40, 
and alarm device 42. 

The control system 28 may utilitize a variety of 
sensing strategies to provide optimal mechanical 

5 pumping assistance in any of three basic modes: 
normal left ventricular assist mode, ventricular 
arrhythmia/asystole mode, and failsafe/standby 
mode. During normal assist mode, the pressure 
plate assemblies 1 18 assist in ventricular compres- 

10 sion as needed to maintain sufficient blood flow. In 
the event of ventricular tachycardia, ventricular fi- 
brillation, or asystole, cardioversion/defibrillation or 
pacing is attempted, as appropriate. Should 
cardioverting/defibri Hating energy be needed, the 

;5 pressure plate assemblies 118 would, first com- 
press the heart 102 so as to eject blood from the 
organ and thereby decrease the cardioversion/ de- 
fibrillation energy threshold. If this electrical ther- 
apy is unsuccessful, the pumping mechanism 20 

20 responds by compressing the left ventricle 12 at a 
rate of approximately 72 beats per minute and with 
sufficient compression depth to maintain systolic 
pressure of about 90-120 mmHg. In failsafe mode, 
the pressure plate assemblies 118, in response to 

25 failure of the implanted system, would permit natu- 
ral movement of the heart 102; the manual pump- 
ing mechanism 44 could then be used, if needed, 
by the patient user or a bystander. 

The control system 28 utilizes input from a 

30 variety of sensors. For example, data from rate- 
sensing electrodes 152 (Figure 7) or 154 (Figure 
2a) enable the control system to coordinate pres- 
sure plate compressions with R-waves and to pro- 
vide A-V synchrony for optimized blood flow, if 

35 desired. Typically, three Hall-effect sensors (not 
shown) in the brushless DC motor 24, in combina- 
tion with the motor's eight magnets, may be used 
to determine the position of the pressure plate 
assemblies 118 by sensing rotation of the motor's 

40 rotor, which can be translated into linear displace- 
ment of the roller screw's reciprocating shaft 172. 
Alternatively, exact displacement of the reciprocat- 
ing shaft 172 can be determined by integrating the 
angular velocity of the rotor, which is directly pro- 

45 portional to the back electromotive force (EMF) of 
the motor 24. The pressure plate closing velocity 
and force also can be readily controlled, if desired, 
by varying the torque of the motor 24 by a servo 
mechanism 24s (shown schematically in Figures 2a 

so and 4d). 

By analyzing such information the control sys- 
tem 28 can calculate and adjust such variables as 
ejection fraction, aortic blood pressure, stroke vol- 
ume (cc/beat), and blood flow rate (cc/sec). For 

55 example, the heart 102 may be allowed to fill to 
any left ventricular end diastolic volume, depending 
on left atrial venous return. Then, based on plate 
position data, the current of motor 24 can be ad-. 
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justed to obtain a fixed final ejection position (end 
systolic volume) in the compression stroke. As 
another option, a fixed current can be applied for a 
given time to the motor 24, which results in a fixed 
torque and force to the pressure plate asemblies 
118. This will result in variable end compression 
positions, depending, for example, on filling time 
and volume. On the other hand, varying levels of 
force can be applied to the pressure plate assem- 
blies 118. with sensors then reading the resultant 
blood pressures and enabling the control system 
28 to adjust the force or the end pressure plate 
position to maintain a programmed aortic blood 
pressure. Aortic root blood pressure may be 
sensed using a solid-state pressure transducer (not 
shown) positioned in the aortic wall. As yet another 
approach, over a specified number of beats pres- 
sure plate work can be gradually added, as a 
supplement to natural heart function, until aortic 
systolic pressure reaches a preprogrammed level. 
Using servocontroi techniques, the amount of pres- 
sure plate assistance will automatically adjust to 
the level required by the natural heart 102 to main- 
tain the desired aortic pressure. Stroke volume can 
also be assessed by measuring impedance across 
the electrodes 144, since impedance is related to 
blood volume within the heart 1 02. 

The control system 28 also contains various 
automatic self-test features. For example, each 
time the energy storage device 34 supplies energy 
to the motor 24 for assisting blood circulation or to 
the cardioverter/defibrillator unit 38 for tachyar- 
rhythmia conversion, the internal voltage of the 
batteries 1 66 is compared to a threshold value in a 
battery test circuit 54 (Figure 1). If the battery 
voltage drops below the threshold value, the bat- 
tery test circuit 54 enables the patient alarm 42, 
which may utilize a piezoelectric crystal to produce 
an audio tone. The patient alarm 42 can also be 
enabled each time a tachyarrhythmia is detected 
by the control system 28. thereby warning the 
patient that he is about to receive a defibrillation or 
cardioversion pulse. 

The control system 28 also includes a real-time 
electrophysiology/hemodynamic (EH) evaluation 
mode circuit 56. The EH mode, in which arrhythmia 
detection by the bipolar electrodes 144 and 152 
(Figure 7) and/or 154 (Figure 2a) is inhibited, is 
initiated by command from the programmer 48. 
The cardiac pacer unit 36 then is placed into the 
WT mode (i.e., ventricular pacing, ventricular 
sensing, pulse triggered by sensed event), but with 
standard electrophysiology equipment providing 
simulated R-waves to the programmer 48 via a 
telemetry link. During this mode, the internal re- 
corder 40 also transmits electrocardiogram (ECG) 
data, ventricular motion data, and blood flow rate 
data to the programmer 48. By using the EH mode, 



the patient's risk of arrhythmia genesis and the 
most effective treatment modes can be deter- 
mined, and pumping settings of the ventricular 
assist device 10 can be adjusted to reduce energy 
s requirements and optimize blood flow and/or pres- 
sure. 

The cardiac pacer unit 36. 
cardioverter/defibrillator unit 38. and biological re- 
corder 40, as well as the energy storage device 34, 

70 are of types known to those skilled in the art. The 
cardiac pacer unit 36 is noninvasively program- 
mable, has automatic gain control of the input 
stages, and provides ventricular, atrial, dual cham- 
ber, and antitachycardia pacing as required. The 

rs cardioverter/defibrillator unit 38 is noninvasively 
programmable, has automatic gain control, and is 
energized from the energy storage device 34 to 
provide synchronized defibrillation or cardioversion 
pulses as required. 

20 The cardiac pacer 36 and 

cardioverter/defibrillator 38, in conjunction with the 
control system 28 and signals from the cardiac 
electrodes 144 and 152 of the pressure plate 
pumping assemblies 118 and from the atrial car- 

25 diac electrodes 154, typically diagnose tachyar- 
rhythmias using three criteria: rate, morphology, 
and rate acceleration. (Additional detection param- 
eters can include rate stability and sustained high 
rate.) For this purpose, a rate-detection circuit 58 

30 (Figure 1) of the control system 28 counts the R- 
waves as detected by the bipolar electrodes 152, 
for example, and compares this rate with two or 
more programmed rate thresholds. A morphology- 
detection circuit 60 examines the shape of tran- 

35 scardiac signals sensed by rectangular electrodes 
1 44 and determines when an absence of isoelectric 
time occurs, which is characteristic of tachyarrhyth- 
mias. Further, an acceleration-detection circuit 62 
compares the rate of change of the heart rate with 

40 a programmed threshold, rapid acceleration nor- 
mally being associated with treatable tachyarrhyth- 
mias. For example, during exercise-induced sinus 
tachycardia, rate accelerates typically at 20 beats 
per minute per second, whereas spontaneous ven- 

45 tricular tachycardia typically results in a rate accel- 
eration of about 90 beats per minute per second. 
Tachyarrhythmias can also be detected by motion 
sensors because, for example, the ventricle 12 will 
quiver rather than contract rhythmically during ven- 

so tricular fibrillation. Combinations of these criteria 
identify various types of arrhythmic conditions, and 
for each type an individual treatment sequence can 
be programmed into the control system 28. Also, in 
the event of ventricular arrhythmias that cannot be 

55 controlled by the arrhythmia-control units 36 and 
38, the control system 28 can be programmed to 
revert to an asynchronous ventricular assist mode 
to ensure adequate, or at least life-supporting. 
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blood flow. 

Bradycardia diagnosis may be accomplished 
using signals from the atrial bipolar electrodes 154 
(Figure 2a) and ventricular bipolar electrodes 152 
(Figure 7) on a beat-by-beat basis. Other rate- 
responsive physiological signals may also be used. 
These signals include venous blood temperature, 
oxygen content of the blood, blood pH, respiration 
rate, muscle activity, and QRS duration. If the heart 
102 goes into bradycardia and pacing is required, 
one optional control mode could be to have the 
pacer 36 search for the optimum pacing rate as 
determined by measuring cardiac output versus 
rate. 

Output pulses to the heart 102 from the cardiac 
pacer unit 36 are typically in the microjoule energy 
range and are at rates typical of cardiac pacing 
(60-120 pulses per minute) for bradycardia, or at 
very high rates (150-1500 pulses per minute) to 
treat tachyarrhythmias. Output pulses from the 
cardioverter/defibrillator unit 38 are typically in the 
range of 0.1 joules to 50 joules, and are either 
asynchronous or synchronous with the R-wave. In 
the event cardioversion/defibrillation is required, the 
control system 28 would ensure full compression of 
the pressure plate assemblies 118 before counter- 
shock delivery, thereby minimizing the volume of 
blood in the heart and achieving a lower 
cardioversion/defibrillation energy threshold. 

The internal biological recorder 40 records and 
stores electrogram events, such as tachyarrhythmia 
onset and conversion; device status, such as bat- 
tery condition; ventricular motion; and blood flow 
rate. The recorder 40 may utilize a delta-modula- 
tion scheme to achieve analog-to-digital conver- 
sions of the signals at a typical bit/second rate of 
200. The delta-modulated data can then be stored, 
for example, in a CMOS RAM. On command of the 
programmer unit 48, the recorder 40 then can 
delta-demodulate the stored data to produce an 
analog voltage which can be transmitted to the 
interrogation unit 50 by way of a telemetry link 64. 
The recorder 40 can telemeter on-line data as well 
as stored data, if desired. 

The batteries 166 of the internal rechargeable 
power supply 32 may be four or five 
lithium/molybden/disulfide rechargeable n AA" cells 
(in series), such as those available from Moii En- 
ergy Limited of Vancouver. British Columbia, 
Canada. The typical characteristics of each battery 
166 are as follows: 

Ampere-hour capacity 0.7 A 

Average voltage 2.0V 

Watt-hour capacity 1 .4 W 

Weight 20 grams 

Volume 8 cc 

Some of the important advantages of the batteries 
166 over nickel cadmium batteries normally used 



in ventricular assist devices include an increased 
energy density (by a factor of about 2.5); weight 
reduction from 200 grams to 80-100 grams; lower 
internal impedance, resulting in less power loss; 

5 higher voltage per celt; an increase in energy re- 
tention by a factor of about four (10% per month 
versus 40% per month at body temperature), which 
significantly enhances system efficiency; and a reli- 
able state-of-remaining-capacity indicator (cell volt- 

w age), whereas there is no indicator for nickel cad- 
mium cells. The absence of an indicator could 
result in sudden unanticipated device shutdown, 
placing the patient at risk. Using cell voltage as the 
remaining-capacity indicator, the depth of cell di- 

15 scharge is accurately controlled by allowing the 
cell voltage to vary between two predetermined 
voltage limits, which in turn allows thousands of 
charge/discharge cycles to be achieved. This is 
achieved by monitoring battery voltage continu- 

20 ously from the control system 28, automatically 
activating a charging circuit (not shown) of the 
rechargeable power supply 32 when a preset lower 
voltage is reached, and automatically deactivating 
the charging circuit when battery voltage reaches a 

25 preset upper limit. 

To prolong the life of the implanted power 
supply 32, a closely coupled magnetic circuit (not 
shown) comprising a movable magnet in a coil of 
wire can be integrated into the driver arms 122 and 

30 124. This magnetic circuit would convert into elec- 
trical energy some of the mechanical work done as 
the pressure plate pumping assemblies 118 are 
expanded during the filling phase of the ventricle 
12. The electrical energy would then be supplied to 

35 the implanted rechargeable batteries 166. Further, 
power lost through truncation of 
cardioversion/defibrillation pulses, which is required 
for effective ventricular tachyarrhythmia conversion, 
can be returned to the rechargeable batteries 166 

40 using power MOSFETS instead of SCRs in the 
output circuit of the cardioverter/defibrillator unit 38. 

The highly efficient batteries 166, combined 
with the high efficiency of the ventricular assist 
device 10, permit the internal power supply 32 to 

45 operate the implanted device at nominal blood 
flows for hours before requiring recharging. Further, 
because the batteries 166 do not off-gas, they can 
be hermetically sealed within the electronic mod- 
ule's titanium case 114 for enhanced long-term 

so reliability. Thus, the patient's vest-or tether-free 
time is significantly increased, with a corresponding 
increase in quality of life. 

Referring again to Figure 1 , the functions of the 
transcutaneous power supply 46 and the 

55 programmer/interrogation units 48. 50 will now be 
further described. The external transcutaneous 
power supply 46 comprises about 15 power cells 
(not shown), such as the batteries 166, in a "C" 
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configuration connected in series. The external 
power supply 46, which weighs about two pounds 
and is worn by the patient in a belt or vest (not 
shown), keeps the internal power suppiy 32 fully 
charged while providing power for the internal sub- 
system 14 for at least 10 hours without recharging. 
At nominal conditions, the transcutaneous power 
supply 46 can operate the internal subsystem 14 
up to a day before being recharged or replaced 
with a fully charged new power supply belt or vest. 

Transcutaneous energy transmission from the 
external power supply 46 to the internal power 
supply 32 is accomplished by two inductively 
coupled concentric coils, one of which is a primary 
coil (not shown) in the external power supply, and 
the other of which is the pickup coil 116. The latter, 
secondary coil may be hermetically sealed within 
the electronic module case 114 (as outlined in 
Figures 3a and 3b) or may be implanted sepa- 
rately, protected by a butyl rubber coating which is 
then encapsulated in a poly ether-based elastomeric 
urethane. Energy transmission to the secondary 
coil 116 can typically be performed at 150 KHz. 
Because of the large surface area for transcuta- 
neous power transmission, the resulting electro- 
magnetic radiation to the patient's, tissue is low -in 
the range of the earth's magnetic field. 

A telemetry link 66 permits noninvasive pro- 
gramming and interrogation of the internal sub- 
system 14, with communication from the program- 
mer 48 to an internal device 68 in the control 
system 28 being accomplished with a digital radio 
frequency (RF) technique. Communication from the 
internal device 68 to the programmer 48 can be by 
either an RF channel or an audio channel, the latter 
using a piezoelectric speaker (not shown). Commu- 
nication on either channel can be digital for data 
transmission, or analog for transmission of real- 
time or recorded electrocardiograms, for example. 

in the event of battery depletion or failure of 
the assist system 14, 16, the manual pumping 
mechanism 44 may be employed to maintain blood 
flow. As is shown in Figures 2a and 2b, the mecha- 
nism 44 includes, in addition to the push button 
108, a cylindrical housing 70 and an annular flange 
72 for maintaining the position of the housing. The 
annular flange 72 is connected to the elastomeric 
tube 182 (Figure 2b) of the fluid coupling between 
the paired bellows 180 (Figure 4d) and 184 
(Figures 4a, b and c) by a similar flexible plastic 
tube 74. The push button 108 may be biased 
outward by, for example, a coil spring (not shown). 
When the push button 108 is depressed, pressure 
is exerted on the fluid in the tubes 74 and 1 82, and 
thus on the bellows 184 in the actuator housing 
128 (Figure 4a). This in turn engages the driving 
wedge 186 and wedge followers 132, causing the 
pressure plate assemblies 118 to compress the 



ventricle 12. It should be understood that other 
manual pumping designs are possible; for example^ 
in the absence of a fluid coupling system, the push 
button 108 may be connected to a flexible drive 
5 rod. 

The ventricular assist devices 10-10" in accor- 
dance with the invention are considered advanta- 
geous in that each normally should be capable of 
supporting full cardiac output, if necessary. Each 
w device 10-10" is capable, for example, of support- 
ing a failed left ventricle 12-12" with a continuous 
output of 7-10 liters per minute without having to 
exceed a pump rate of 120 beats per minute into a 
mean arterial pressure of 120 mmHg (which might 
75 be associated, typically, with a peak arterial pres- 
sure of 150 mmHg) and a maximum filling pressure 
of about 15 mmHg. In addition, the rate of pressure 
rise and fall due to pumping assistance will be low 
enough to avoid excessive blood turbulence, 
20 hemolysis, or blood cavitation. Furthermore, the 
pressure plate assemblies 118-118" or resilient 
bands 300-300'. which are external to the ventricu- 
lar cavities of the heart 102-102", do not impede 
venous return, compromise any organ system, or 
25 degrade blood circulation in the coronary arteries. 
The devices 10-10" also eliminate the need, 
present in certain prior known ventricular assist 
devices, for a separate compliance chamber 
(displaced volume compensation for cycle changes 
30 in volume between pumping sacs and encapsulat- 
ing shells), which may be compromised by fibrous 
tissue encapsulation and which requires periodic 
replacement of gas which has diffused through the 
compliance chamber materials. The invention also 
35 eliminates the need for any valves, which have 
inherent and well-documented problems in prior 
known cardiac assist devices. 

Each of the ventricular assist devices 10-10" is 
also advantageous in that it reduces the total 
40 weight of all implanted components, when com- 
pared to the total weight of known prior art ven- 
tricular assist devices. The overall weight of the 
components, including batteries 166, is in a range 
of 400-500 grams, which represents a weight re- 
45 duction by a factor of four from known prior art 
systems that generally weigh 1500-2000 grams. 

Another advantage of ventricular assist device 
10 is that the fluid coupling between the bellows 
180 and 184 constitutes a failsafe mechanism 
so whereby the pumping mechanism 20, in the event 
of motor failure, does not restrict the natural move- 
ment of the heart 102. Additionally, several em- 
bodiments of the invention would permit separate 
implantation of the motor housing 22. with only the 
55 pumping mechanism 20 implanted adjacent the 
heart. Furthermore, for all ventricular assist devices 
10-10". the electronic module 30 need not beim- 
planted near the pumping mechanism 20-20', but 
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may be remotely implanted. This modular con- 
struction facilitates replacement of components, 
should any fail, and also allows flexibility in deter- 
mining the optimum implant sites for the individual 
patient's physiology. 

In summary, new and improved biocompatible 
ventricular assist and arrhythmia control devices 
10-10* have been disclosed. For example, device 
10 can be completely and readily implanted in the 
body of a patient user, eliminating the need for to 
tethering to an external power supply; is of rela- 
tively simple, light-weight, and compact construc- 
tion; requires only a small amount of energy for 
reliable operation over an extended period of time; , 
incorporates a control mechanism for determining j 75 
left ventricular stroke volume and for changing 
compressive force, as needed, to assure an ade- 
quate supply of oxygenated blood; and includes 
bradycardic and tachyarrhythmic control features, 
which will facilitate device operation in synchronism 20 
with left ventricular contraction. In addition, the 
rechargeable power supply 32 of the device 1 0 can 
be readily recharged transcutaneous ly, and the de- 
vice can be noninvasively programmed and interro- 
gated. The device 10 places no foreign, nonbiolog- 25 
ical materials in contact with the blood flow, there- 
by avoiding the documented danger of clotting and 
associated body malfunctions. The device 10 also 
is capable of providing effective mechanical cir- 
culatory support to the ventricle 1 2 of the heart 1 02 30 
while myocardial function recovers postoperatively. 

It is intended that all matter contained in the 
above description and shown in the accompanying 
drawings be interpreted not in any limiting sense, 
but as demonstrative. It is also to be understood 35 
that the following claims are intended to cover all of 
the generic and specific features of the invention. 

Claims 

1. A ventricular assist device which can be 
implanted in a patient user exterior to the heart and 
which comprises: 

a pumping means which includes one or more 
movable ventricle compression assemblies for en- 
gaging an outer surface of at least one heart ventri- 
cle; 

operating means for cyclically actuating the 
one or more compression assemblies, such that 
the ventricle is, first, compressed to aid blood 
ejection therefrom, and second, released to permit 
refilling; 

control means for regulating actuation of the 
operating means; and 

an electrical power source. 



2. The ventricular assist device as recited in 
claim 1, in which: 

the operating means includes an electrical 
motor assembly; and 
5 the control means enables cyclical operation of 

the electrical motor assembly. 

3. The ventricular assist device as recited in 
claim 2, in which the electrical motor assembly 
includes an electrical motor and a rotary-to-axial 
drive-converting mechanism. 

4. The ventricular assist device as recited in 
claim 3, in which the rotary-to-axial drive-converting 
mechanism includes a rotatable member and a 
reciprocating member driven axially by rotation of 
the rotatable member. 

5. The ventricular assist device as recited in 
claim 3 or 4, in which the one or more movable 
ventricle compression assemblies are actuated by 
axial movement of the reciprocating member of the 
rotary-to-axial drive-converting mechanism. 

6. The ventricular assist device as recited in 
anyone of the claims 1 to 5, in which the one or 
more movable ventricle compression assemblies 
each includes a pressure plate mounted on a com- 
pressive arm via an axle/bearing mount such that 
the pressure plate can follow the natural movement 
of the heart. 

7. The ventricular assist device as recited in 
claim 2, in which the electrical motor assembly is 
contained within a motor assembly housing that is 
replaceable separate from the pumping means. 

8. The ventricular assist device as recited in 
anyone of claims 2 to 7, in which 

the electric motor assembly actuates the one 
or more movable ventricle compression assemblies 
of the pumping means by way of fluid-filled cou- 
pling system; and 

the fluid-filled coupling systems includes 
separate reciprocating means, one in the electrical 
40 motor assembly and one in a pumping means 
housing, connected by elastomeric tubing. 

9. The ventricular assist device as recited in 
anyone of the claims 1 to 8, in which each ventricle 
compression assembly includes a metal pressure 

45 plate. 

10. The ventricular assist device as recited in 
anyone of the claims 1 to 9, in which the one or 
more ventricle compression assemblies each in- 
cludes a contact pad for gluing and/or suturing the 

50 compression assembly to the ventricle. 

11. The ventricular assist device as recited in 
claim 10, in which the contact pad is formed of 
reinforced soft, electrically insulating material. 

12. The ventricular assist device as recited in 
55 anyone of claims 1 to 11 . in which 

the electrical power source includes a pack of 
rechargeable batteries and a pickup coil, with the 
batteries being disposed in a casing capable of 
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subcutaneous implantation such that the batteries 
can be recharged transcutaneous^ through the pic- 
kup coil; and 

implantable electrical cable means connects 
the electrical power source to the operating means. 

13. The ventricular assist device as recited in 
anyone of the claims 1 to 12, in which: 

the control means includes control circuitry 
disposed in an electronic module which is capable 
of subcutaneous implantation such that circuitry 
contained therein can be programmed and/or inter- 
rogated transcutaneous^; 

said electronic module is disposed in the same 
casing in which components of the power source 
are implanted; 

said control circuitry is connected to the 
pumping means and/or to the operating means by 
electrical conductor means insulated within implan- 
table electrical cable means; and 

said power source is connected to the 
operating means by implantable electrical cable 
means. 

14. The ventricular assist device as recited in 
anyone of the claims 1 to 13, which further in- 
cludes electrode means mounted adjacent at least 
one of the one or more ventricle compression 
assemblies, for sensing cardiac electrical signals 
and transmitting said signals to the control means 
via respective ones of the conductor means. 

15. The ventricular assist device as recited in 
anyone of the claims 1 to 14, in which the elec- 
trode means is formed of titanium wire mesh or 
platinum alloy mesh. 

16. The ventricular assist device as recited in 
anyone of the claims 1 to 15, which further in- 
cludes circuitry for producing heart pacer pulses 
and also includes electrical conductor means for 
applying said pacer pulses to electrode means 
mounted adjacent at least one heart ventricle. 

17. The ventricular assist device as recited in ' 
anyone of the claims 1 to 16, which further in- 
cludes circuitry for producing heart 
cardioverting/defibri Hating pulses and also includes 
electrical conductor means for applying said pulses 
to electrode means mounted adjacent at least one 
heart ventricle. 

18. The ventricular assist device as recited in 
claim 17. in which. prior to 
cardioverting/defibriliating pulse delivery, the con- 
trol means causes the operating means to close 
each of the one or more movable ventricle com- 
pression assemblies, thereby removing blood from 
the heart and lowering the cardiac 
cardioversion/defibrillation energy threshold. 

19. The ventricular assist device as recited in 
claim 14, in which: 

the cardiac electric signal transmitting elec- 
trical conductor means is contained within addi- 



tional electrical cable means mounted adjacent re- 
spective ones of the one or more ventricle com- 
pression assemblies having said sensing electrode 
means; and 

5 said additional cable means is connected with 

the control means via a portion of said first-men- 
tioned electrical cable means. 

20. The ventricular assist device as recited in 
anyone of the claims 1 to 19, which further in- 
fo eludes servocontrol means for automatically adjust- 
ing ventricular assist device pumping assistance to 
the level required by the natural heart to maintain 
blood flow. 

21. The ventricular assist device as recited in 
15 anyone of claims 1 to 20, which further includes: 

sensing means, including said cardiac elec- 
trical signal sensing electrode means, for sensing 
measurement of systolic blood pressure, stroke 
volume, blood flow rate, ejection fraction, compres- 

20 sion assembly position and/or displacement, elec- 
trical current consumption by the operating means, 
cardiac rate, electrocardiogram morphology, and/or 
cardiac rate acceleration; and 

means in said control circuitry for utilizing 

25 input from said sensing means to adjust operating 
parameters of the operating means in accordance 
with preprogrammed cardiac parameters. 

22. The ventricular assist device as recited in 
anyone of the claims 1 to 21, which further in- 

30 eludes a movable ventricle compression means for 
engaging a ventricular apex, the apex-engaging 
compression means also being operable by the 
operating means. 

23. The ventricular assist device as recited in 
35 claim 22. in which at least one of the ventricle 

compression assemblies engages a side of the at 
least one heart ventricle and the operating means 
permits sequential movement of the apex-engaging 
compression means and the side-engaging com- 
40 pression assembly in a ventricle-compressing op- 
eration. 

24. The ventricular assist device as recited in 
anyone of the claims 1 to 23, in which the control 
means includes circuitry for conducting automatic 

45 self-tests, such as analysis of remaining battery 
capacity. 

25. The ventricular assist device as recited in 
anyone of the claims 1 to 24, in which the control 
means includes circuitry for activating a patient 

so alarm in response to malfunction conditions, such 
as low battery voltage in an implanted power 
source. 

26. The ventricular assist device as recited in 
anyone of the claims 16 to 25. which also includes 

55 circuitry for initiating a real-time 
electrophysiology/hemodynamic (EH) evaluation 
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mode in which the pacer circuitry is placed into 
WT mode (ventricular pacing, ventricular sensing, 
pulse triggered by sensed event). 

27. The ventricular assist device as recited in 
anyone of the claims 1 to 26, which also includes 
manually operable means for moving at least one 
of the movable ventricle compression assemblies 
to compress the ventricle. 

28. The ventricular assist device as recited in 
anyone of the claims 1 to 27, which further in- 
cludes: 

sensing circuitry which forms part of the 
control means and which is capable of detecting a 
malfunction in the device and/or the heart; and 

an alarm which is responsive to said 
malfunction-sensing circuitry. 

29. The ventricular assist device as recited in 
anyone of the claims 1 to 28, which also includes a 
means for recording data produced during the op- 
eration of said ventricular assist device, the record- 
ing means being implantable and capable of tran- 
scutaneous interrogation. 

30. The ventricular assist device as recited in 
anyone of the claims 1 to 29, in which the pumping 
means also includes: 

a rigid support member external to the heart; 

at least one resilient band having an intermedi- 
ate portion surgically implantable in an interven- 
tricular wall of the heart, the band having opposite 
ends which connect to the rigid support member; 
and 

one or more of the movable ventricle 
compression assemblies positioned between the 
rigid support member and the resilient band. 

31. The ventricular assist device as recited in 
anyone of the claims 1 to 30, in which the pumping 
means includes at least one resilient band having 
an intermediate portion surgically implanted in an 
interventricular wall of the heart and having end 
portions fixed to two movable ventricle compres- 
sion assemblies such that actuation of the com- 
pression assemblies constricts the at least one 
resilient interventricular band and thereby com- 
presses the ventricle. 

32. A cardiac compression assembly which is 
intended for use in a cardiac assist device and 
which includes: 

a pressure plate; 

a contact pad mounted on a cardiac compres- 
sion assembly for gluing and/or suturing the as- 
sembly to at least one cardiac chamber; and 

mounting means for mounting the cardiac 
compression assembly in a cardiac assist device. 

33. The cardiac compression assembly as re- 
cited in claim 32, which further includes one or 
more electrodes mounted thereon for sensing car- 
diac signals, transmitting said signals along one or 



more insulated electrical conductors, and/or de- 
livering heart pacemaker or cardioverter/defibrillator 
pulses to the heart. 

34. The cardiac compression assembly as re- 
5 cited in claim 33. which further includes a cable 

that contains the one or more electrical conductors 
and that is itself mounted on said cardiac compres- 
sion assembly. 

35. The cardiac compression assembly as re- 
w cited in anyone of the claims 32 to 34, in which the 

compression plate is formed of titanium or platinum 
alloy. 

36. The cardiac compression assembly as re- 
cited in anyone of the claims 32 to 35, in which the 

;s contact pad is formed of reinforced soft, electrically 
insulating material. 

37. The cardiac compression assembly as re- 
cited in anyone of the claims 32 to 36, in which the 
thickness of the contact pad is progressively re- 

20 duced toward its periphery to avoid edge stress. 

38. The cardiac compression assembly as re- 
cited in anyone of the claims 32 to 36, in which the 
contact pad is formed of silicone rubber reinforced 
with Dacron fibers and having a durometer in a 

25 range of the order of 30-50. 

39. The ventricular assist device as recited in 
anyone of the claims 8 to 31 , wherein the separate 
reciprocating means are first and second bellows. 

40. The ventricular assist device as recited in 
30 anyone of the claims 8 to 31 , wherein the separate 

reciprocating means are rolling diaphragms. 

41. The ventricular assist device as recited in 
anyone of the claims 9 to 31. in which the metal 
pressure plate is formed of a nickel or titanium 

35 alloy. 

42. The ventricular assist device as recited in 
anyone of the claims 11 to 31, in which the thick- 
ness of the contact pad is progressively reduced 
toward its periphery to avoid edge stress. 

40 43. The ventricular assist device as recited in 

anyone of the claims 11 to 31 , in which the contact 
pad is formed of silicone rubber reinforced with 
Dacron fibers and having a durometer in a range 
on the order of 30-50. 

45 44. The ventricular assist device as recited in 

anyone of the claims 16 to 31, in which said pacer 
pulse electrode means and electrical conductor 
means also are said cardiac electrical signal sens- 
ing electrode means and electrical conductor 

so means. 

45. The ventricular assist device as recited in 
anyone of the claims 17 to 31, in which said heart 
cardioverting/defibrillating pulse electrode means 
and electrical conductor means also are said car- 

55 diac electrical signal sensing electrode means and 
electrical conductor means. 
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46. The ventricular assist device as recited in 
anyone of the claims 28 to 31, in which said alarm 
is responsive to device malfunction conditions such 
as low battery voltage in an implanted power 
source. 5 
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Biocompatible ventricular assist and arrhythmia control device. 

© A device (10) for compressing a ventricle (12) of a heart 
(102) from one or more sides In synchronism with the natural 
contraction of the ventricle (systole), and providing arrhythmia 
control of the heart, is completely implantable In the body (100) 
of a patient user externally of the heart. Compression of the 
ventricle (12) Is produced by a plurality of spaced compression 
plate assemblies (118) and a ventricle apex-corn press, on plate 
(not shown), a single compression plate-band assembly (300, 
304) or tightenable bands (300'). The compression plate 
assemblies (118) comprise suitable located electrodes (144, 
152, 154) for heart monitoring purposes. A power supply (32) of 
the implanted device (10) can be recharged transcutaneously. 
and various other components (36, 38, 40, 52. 54, 56, 58, 60, 62^ 
68) of the device can be noninvasively programmed and 
interrogated by external circuits (48, 50). The compression 
plate assemblies (118) may be operated by a small brushless 
DC motor (24). An implantable manual pump mechanism (44) 
for operating the compression plate assemblies (118), also Is 
provided for emergency purposes. The components of the 
implanted device also include a cardiac pacer (36), a defibrilla- 
tor/cardioverter (38), a recorder (40) and an alarm (42). 




FIG. 2o 



Bundesdruokeret Berlin 




European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 



EP 88 10 2827 





DOCUMENTS CONSIDERED TO BE RELEVANT 




Category 


Citation of document with indication, where appropriate, 
of relevant passages 


Relevant 
to claim 


CLASSIFICATION OF THE 
APPLICATION ant. CI. 4) 


D,X 
> * * 

D,A 


US-A-3 371 662 (HEID) 
* Whole document * 


1,14-17 
,45 

32-34, 
44 


A 61 N 1/365 
A 61 N 1/362 
A 61 N 1/39 


D,X 
D,A 


US-A-4 304 225 (FREEMAN) 

* Column 2, line 29 - column 5, line 

14; figures 1-5 * 


1,2 

3-8,23, 

30,31, 

40 




A 


US-A-4 291 707 (HEILMAN) 

* Column 4. line 29 - column 6 Hnp 

• »*•*■•>» ■ j ii 1 1 v» *— «■» wv i until u j ii He 

51; figures 1,2 * 


15,38, 




A 


US-A-3 668 708 CTINDAL') 

* Column 11, lines 17-62; figure 12 * 


91 
C 1 




A 


US-A-4 167 046 (P0RTNER) 

* Column 2, lines 8-32; column 3, line 
47 - column 4, line 3; figures 1-4 * 

DE-A-2 557 475 

(MESSERSCHMITT-BOLK0W-BL0HM GmbH) 

* Page 7, line 23 - page 11, line 8; 
figures 1-4 * 


1-11,41 
,42 






TECHNICAL FIELDS 
SEARCHED ant. CI.4) 


A 


1-11,28 
,35-37, 
41 


A 61 N 

A 61 H 
A 61 M 


A 


GB-A-2 060 174 (MEDRAD) 
* Abstract * 


28,29 




D,A 


US-A-4 583 523 (KLEINKE) 

* Column 4, line 20 - column 6, Hne 

25; figures 1,2 * 


1,32,39 
,40 




The present search report has been drawn up for all claims 







THE HAGUE 



04-12-1988 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant If taken alone 

Y : particularly relevant If combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



SCHMIERER U.J. 



T : theory or principle underlying the Invention 
E : earlier patent document, but published on! or 

after the filing date 
D : document cited In the application 
L : document cited for other reasons 



& : member of the same patent family, corresponding 
document 




European Patent 
Office 



EUROPEAN SEARCH REPORT 



Page 



Application Number 



EP 88 10 2827 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (Int. CI.4) 



US-A-4 731 076 (NOON) 

* Column 2, line 51 - column 5, line 

51; claim 16; figures 1-12 * 



TECHNICAL FIELDS 
SEARCHED (Int. CI.4) 



The present search report has been drawn up for all claims 



Place of search 

THE HAGUE 



Date of completion of the search 

04-12-1988 



E::?jrJncr 

SCHMIERER U.J 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant If taken alone 

Y : particularly relevant If combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : member of the seme patent family, corresponding 
document 



